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PREAMBLE TO SUBMISSION 
The research activities of the writer can be divided into three 
periods, research into 
(1) Soils engineering, 1958-1960 
(2) Low Cost Sanitation, 1960-1967 
(3) Activated Sludge and Water Chemistry, 1967 to present. 
The publications relevant to the work done during these periods 
are listed in the Curriculum Vitae where for convenience the papers are 
grouped under headings reflecting the subject matter. 
1) Soils Engineering: 
During this period the writer was employed as research engineer 
to the Anglo-American Corporation, at the Premier Diamond Mine, Cullinan, 
South Africa, under supervision of Professor J E B Jennings of the Civil 
Engineering Department of the University of the Witwatersrand to 
investigate the causes of failure of a massive wedge shaped dump, lOOm 
high, formed by free discharge at the apex, of waste crushed 
diamondiferous rock. 
One paper came from this investigation, describing a theoretical 
model of the failure. 
2) Low Cost Sanitation 
During this period the writer was employed as a Research Engineer 
to the then African Housing Board of the Government of Northern Rhodesia, 
Lusaka, to investigate problems with housing foundations, construction 
materials and sanitation. Research was oriented towards developing a low 
cost sanitation system that would be appropriate to the standard of public 
health awareness and technological competence of the communities it was to 
serve, and within their financial means. The research naturally divided 
into two tasks: 
( i) Development of a water carriage sanitary system that did not require 
2 
flushing or lavatory paper, could accommodate stones, sticks and grass 
as[cleaning material and dispose of all the waste water. This led to 
th development of the self topping aqua privy system discharging to 
(usually) small bore sewers which could be laid at extremly flat 
grades. 
(ii)Treatment of the discharge from the aqua privy system, in oxidation 
po ds. The research into the oxidation pond system comprised 
establishment of a theoretical model to give a semi-empirical kinetic 
description of the biological response of the pond to the influent in 
terms of the retention time, temperature, wind velocity, depth and 
so e other minor parameters. Also the kinetics of faecal bacterial 
die-off needed investigation to develop the most efficient pond 
configuration for producing an adequately low faecal bacterial 
effluent. 
Nineteen papers dealing with the sanitation system, oxidation 
ponds and various other aspects ancillary to these, were published. 
3) 
to 
Activated Sludge and Water Chemistry Research 
l This research period commenced with the appointment of the writer th Chair of Water Resources and Public Health Engineering in the 
Department of Civil Engineering at the University of Cape Town, 1967. 
Research interest developed in two main directions: 
(i) Carbonate chemistry of water, and 
(ii) Kinetics of the activated sludge process and aspects ancillary to 
the process. 
(i) Research into carbonate chemistry was motivated by; corrosion 
problems experienced in water reticulation systems in the 
southern part of South Africa (where the natural waters have low 
pH and low TDS) ; corrosion problems in the Johannesburg area 
(where the natural waters are high in TDS, particularly in 
sulphate; and corrosion and precipitation problems in the 
reclamation of treated waste water to drinking water standard. 
3 
~ ! •, ·' 
Resolution of problems created by these waters required research 
into equilibrium chemistry of the calcium-magnesium-carbonate 
system in low and high salinity waters and, the kinetics of 
precipitation and dissolution of calcium and magnesium 
minerals. This research produced seven papers on kinetics of 
precipitation and two books on calcium-magnesium-carbonate 
equilibrium chemistry in low and high salinity waters 
respectively. 
(ii) Research into the activated sludge process commenced in 1969. 
It was motivated by the interest that developed in this process 
in South Africa in the latter part of the 1960's, due to the 
higher demands set on effluent quality. Under the writer's 
leadership a comprehensive investigation was inaugurated with the 
objective of evolving a model of this process sufficiently 
flexible to incorporate all the existing aerobic activated sludge 
process types. In 1973, with the rise in importance of 
biological removal of nitrate, this aspect was studied via the 
single-sludge nitrification-denitrification process, ·and included 
in the model. Still later, in 1975, after Dr Barnard published 
his findings on biological excess phosphorus removal, this 
phenomena also was studied, again for possible inclusion in the 
comprehensive model. Whereas carbonaceous degradation, 
nitrification and denitrification have been satisfactorily 
included in a general model, the inclusion of biological excess P 
removal to date is only partial and still requires ancillary, 
semi-empirical treatment to describe the behaviour. 
Developments in the model were reported in 13 papers, and in 
a contribution to a design manual written on the request of the 
Water Research Commission. 
Additional to the kinetic work on the activated sludge process, 
research was undertaken into thickening of the waste sludge by 
flotation. This research was reported in 7 papers plus a chapter on 
flotation in a book on liquid solid separation. 
4 
Some miscellaneous papers dealing with statistics, aeration and 
anaerobi~ digestion were also published. 
MATER AL SUBMITTED 
·The writer decided to submit, for the purposes of the degree, a 
selec~ion of the more important papers on the kinetics of the activated 
sludge process. These papers chronologically trace developments in the 
kinetJc theory, from aerobic steady state behaviour to aerobic, 
I 
ni tri£ication and denitrification behaviour under cyclic flow and load 
condiJions in multi-reactor systems including aerobic, anoxic and 
anaerdbic reactors. Also included are papers reporting research, on 
bioloJical excess phosphorus removal. Application of the research to 
desigd is illustrated by including a copy of a design manual written for 
the W ter Research Commission of South Africa, to which the writer and his 
group made a major contribution. 
The reader will note that not a single contribution in the list 
selectted was written by the writer alone, however, the research undertaken 
at thi University of Cape Town in the fields described above was carried 
out jnder his direction. In this endeavour approximately 35 students 
· I · d · d f 14 h f part1a1pate , over a per10 o years, to t e common purpose o 
I 
fulfilling the overall objectives set initially. The multiplicity of 
aspecJs to which attention had to be given is evident from the research 
reporJs listed in the Curriculum Vitae. 
l In reading through the papers submitted one will notice that, due to th long time span over which they were written, ideas necessarily 
changJd, and it may not be easy at times to see the common thread that 
passef through all. For this reason it was thought useful to give. a 
review of the considerations that entered into setting up a model 
I 
describing the kinetics of carbonaceous material degradation. This model 
formsl the foundation on which denitrification and biological excess 
phosphorus removal are readily grafted; understanding of the carbonaceous 
I 
degraiation model facilitates understanding of the other two phenomena. 
INTRODUCTION 
KINETICS OF CARBONACEOUS MATERIAL REMOVAL 
IN THE ACTIVATED SLUDGE PROCESS 
The time-variant ~ature of the inputs to a wastewater treatment 
plant requires that the dynamic response of the microbial culture be 
considered in order to predict process performance realistically. An 
ability to model process behaviour in the field of wastewater treatment is 
important for three reasons: (1) to overcome problems encountered in the 
operation and control of treatment facilities; (2) to aid in the 
development of optimal design procedures; and (3) to provide a means for 
developing in-plant control strategies. 
Wastes from municipal sources principally of domestic origin 
invariably conform to daily cyclic · patterns of flow and concentration. 
The waste consists largely of naturally-occurring organic !Jlaterials which 
are well-balanced for microbial growth. In contrast, wastes from 
industrial sources are unpredictable with regard to flow and concentration 
patterns; the waste may contain constituents that differ significantly in 
chemical structure from those occurring naturally, which the organism mass 
cannot metabolize, or only partially metabolize, over the period of 
residence in the plant; highly specific organism masses may need to be 
developed to treat the waste; deficiencies in nutrients for balanced 
growth are common and the waste may contain inhibitory and poisonous 
organic substances. Furthermore, the unpredictable nature of the load 
discharge may subject the organism mass to violent changes in loading rate 
and chemical constitution. 
Whereas it is possible to generalise on the treatment of municipal 
waste flows of principally domestic origin, this is not so for industrial 
waste flows. Each industrial waste, to a greater or lesser degree, has 
components unique to itself that require specific action for 
2 
resolutio based on experimental enquiry or experience. 
unicipal waste flows will virtually always contain an industrial 
component but provided the component is limited the response of the 
process ·should not deviate significantly from that of a purely domestic 
waste fldw for reasons of dilution by, and the usually adequate supply of 
essential! nutrient factors from the dominating domestic waste component. 
runicipal waste of principally domestic origin contains a complex 
mixture @f organic materials, some of which are readily biodegradable, 
some slo ly biodegradable and some quite unbiodegradable in terms of the 
residence time in the process; the organic material also is in soluble, 
colloidal and particulate form. The organism mass constitutes a complex 
mixture of microorganisms which responds sensitively to the process inputs 
and envir nmental conditions. 
odelling of the activated sludge process has been influenced 
significa tly by the kinetic growth studies of pure cultures grown on 
soluble s bstrates; there is no denying the positive influence these have 
had, but criticism can be levelled at the too often uncritical way in 
which the findings of the pure culture kineticists have been applied to 
describe the kinetics of the activated sludge process. It is necessary 
therefore to review the concepts that have developed from pure culture 
studies and see in what fashion these need to be modified in order to be 
applied tr mixed cultures with multicomponent organic substrate sources as 
encounterfd in the activated sludge process. . 
n this paper the considerations that have entered or need to 
enter int modelling the activated sludge process treating waste flows of 
predomina tly domestic origin will be discussed. Only carbonaceous 
material degradation will be dealt with as modelling of the kinetics of 
this mat rial is the central problem in the activated sludge process. 
Once a mJdel for this material is established or accepted, modelling of 
nitrificalion, denitrification, biological excess phosphorus removal and 
other andillary phenomena can be grafted into the carbonaceous model in 
I 
such I a Illflnner 
I 
that inconsistencies do not arise. It is of crucial 
importance therefore that the carbonaceous model is consistent in itself I . 




PURE CULTURE INVESTIGATIONS 
The first major contribution to the kinetics of microbial growth 
on soluble substrates appears to have been developed by Penfold and Norris 
(1912). They proposed an equation linking the doubling time of bacteria 
to the concentration of substrate surr~unding the organism which, if 
appropriately transformed, is identical to that proposed later by Monod 
(1942). The work of Penfold and Norris, however, seems to have been 
premature to the needs of the time and little or nothing was done to 
develop their hypothesis further. 
To Monad must be credited the inauguration of a period of 
intensive development of the kinetics of microb~al growth, a process that 
has continued to this day. Monad specifically limited his enquiry to the 
" .•• positive phases of growth, since the study of bacterial 'death' i.e • 
. of the negative phases of growth, involves distinct problems and 
methods". He proposed two important relationships with respect to 
organism growth: 
( 1) The mass of organisms generated is proportional to the mass of 
substrate utilized i.e. the' specific "yield" is constant for a 
particular substrate 




specific yield constant (mass bacteria formed 
per unit mass substrate utilized) 
mass of organisms generated 
Mt.S mass of substrate utilized 
(2) The specific growth rate, µ, is linked to the concentration of 
the limiting substrate, S, surrounding the organism by the 
expression 




maximum specific growth rate constant 
saturation constant numerically equal to the substrate 
·concentration at which the growth rate is one-half the 
maximum value. 
With reg rd to Eq (2), Monod accepted it as an empirical relationship 
" ••• to e press conveniently the relation between exponential growth and 
concentration of an essential nutrient". He admitted that several 
mathematically different -formulations could serve equally well, but 
adopted Eiq (2) because it was " ••• similar to an adsorption isotherm or the 
Michaelis equation". He ascribed the magnitude of l-1m to the activity of 
specific enzyme systems involved in the breakdown of different compounds 
and that Ks " ••• bear some more or less distant relation to the apparent 
dissociat on constant of the enzyme involved in the first step of 
breakdown of a given compound. Furthermore, since a change of conditions 
affecting primarily the velocity of only one rate determining step will, 
in gener 1 (but not necessarily) be only partially reflected in the 
overall ate one may expect Ci [our Ks] values to be lower than the 
corresponking values of the Michaelis constant of the enzyme catalyzing 
h J. " H . d 1 h 1 . h . 1 t e reaction • e recognise comp ex growt eye es wit sequentia 
growth rJtes, µ, separated by angular transition points on a log (growth 
rate)-timb plot. This he interpreted as addition or removal of one or 
more ratel limiting steps resulting from a change in the composition of the 
medium o~ from transitory accumulation of a metabolite which essentially 
serves as a secondary nutritional source. Where the organic source is 
the limiting factor and is constituted of a mixture of one or more organic 
compounds, if one of the constituents acts inhibitory on the enzyme 
attacking the other, the one constituent will be used exclusively until 
exhausted whereupon the enzyme system for the next becomes operative -
sequentia~ growth phases are exhibited, separated by a period in which the I . 
growth rafe decreases to a minimum. 
From the findings of Monod it is evident that the biodegradation 
reaction and its rate, as manifested by the growth rate observed, is the 
consequence of a complex web of enzymatically catalyzed reactions that may 
I 
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be modelled empirically by Eq (2), but not necessarily so; deviant 
behaviour may be observed due to inhibition of enzymes, secondary product 
formation and other factors. 
Consideration of Eqs (1 and 2) will indicate that growth 
behaviour conforming to these relationships in fact implies the following: 
Equation (1) implies: 
(1) No organism mass loss occurs subsequent to synthesis; 
(2) No storage of substrate (internal or external to the organism) 
occurs. 
Equation (2) implies: 
(1) The rate of substrate transfer is not influenced by substrate 
inhibition or the rate of substrate diffusion; 
(2) No external storage of substrate takes place prior to transfer 
through the cell wall; 
(3) The substrate is metabolized directly, Le. no internal storage 
takes place; 
(4) One enzyme system catalyzes the growth reaction; 
(5) All the factors necessary for growth are present, and only 
substrate is growth limiting. 
The implications under Eqs (1 and 2) have been subjected to 
extensive investigation to evaluate their relevance and limitations. 
Most of the research has involved steady state studies of continuous 
culture generally carried out using the chemostat. This apparatus 
[called the "bactogen" by Monod (1950)], comprises a completely mixed 
constant-volume flow-through reactor operated by controlling the flow rate 
of culture medium into the vessel; it was first proposed by Monod (1950) 
and Novick and Szilard (1950). The flow-through reactor process is 
particularly useful because ( 1) the concentrations of organisms, X, and 
substrate, S, in the effluent are equal to the respective concentrations 
in the reactor, and (2) if the influent substrate concentration, Si, and 
flow rate, Q, and volume, V, are held constant then a steady state 
develops, and 
6 
µ = D 
where D =dilution rate (Q/V), equal to the reciprocal of the, hydraulic 
retention time, R. 
From mass balances on organisms and substrate, and using Eqs (1 
and 2), · t was possible to derive the following equations to define the 
behaviou of a continuous culture in the chemostat: 
(3) 
dS/dt = D(S.-S) - (l/Y)(µ S/(K +S))X (4) 
I l m s 
At steady state (constant Si, Q, V) the concentrations of organisms and 





Equations (5 and 6) provide the basis to develop a graphical inter-
pretation of predicted chemostat operation for selected values of Si, ~, 
Ks and Y by plotting X and S versus dilution rate, D, as shown in Fig 1. 
Yield of Aerobically Grown Organisms 
konod demonstrated that the total cell yields for several 
aerobicallly grown heterotrophs were linearly proportional to the quantity 
of either meat extract (as a complex nutrient) or carbohydrate (as a 
! 
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Fig 1 Steady state substrate and cell concentration as a 
function of chemostat dilution rate; values based 
on Monod's postulates with µm = 1,0 h-1, Y = 0,5, 

















Equation (1) is of great basic importance but suffers the limitation that 
the specific yield constant, Y (as mass cells formed per mass substrate 
utilized), is unique to the particular substrate and, possibly, to the 
organism assembly. Subsequent to the work of Monad, with interest 
developing in commerical production of certain microorganisms for which 
the subsdrate may not be a constant well-defined chemical entity, research 
was focu1sed on seeking a parameter in terms of which the yield would 
(perhaps) be relatively constant with respect to the parameter change and 
. independent of organism type. From the literature it would appear that 
four parJmeters have emerged: i.e. yield based on 
(1) carbon content of the substrate (Ye); 
(2) J1ectron donor capacity of the substrate (Yav e'); 
(3) Jotal oxidative energy of the substrate (Ykcal); and 
(4) ~TP production per mole of substrate (YATP). 
An incisive review of yield characteristics of heterotrophs was 
published by Payne (1970), which sheds considerable light on the 
respectile utility of the parameters (2) to (4), above. Payne does not 
deal directly with (1), but from the considerations presented later it 
will be lshown that this parameter potentially is not as useful as the 
other th,ee. However, it is deliberately retained for discussion because 
in activated sludge kinetics the total organic carbon content of substrate 
on occasJon has been suggested as a _basic parameter in terms of which to 
describe growth kinetics: 
(1) Siegel and Clifton (1950) found that in batch cultures of E.coli grown 
on gluco e, the fraction of carbon assimilated with respect to the total 
carbon rJmoved from the culture medium was ·relatively constant (O, 56 to 
0,60) ir~espective of whether the growth was in the lag phase or at 
different: times in the logarithmic growth phase. Herbert (1958) obtained 
I 
data consistent with the above in studies of the growth of Aerobacter 
i 
; 
aerogenes: and Aerobacter cloacae in continuous culture over a wide range 
9 
of dilution rates using glycerol as substrate. The output of cells was 
directly proportional to the quantity of glycerol utilized, with a 
fraction 0, 61 of the substrate carbon assimilated in synthesis. 
MacKechnie and Dawes (1969) grew Psuedomonas aeruginosa on glucose, 
gluconate and 2-oxo~gluconate and found 0,58, 0,59 and 0,64 of the 
substrate carbon assimilated. The constancy of the fraction of substrate 
carbon incorporated in cells would direct one to the opinion that the 
carbon content of a substrate can be a useful measure for describing 
growth. Before raising objections to this conclusion it is preferable to 
discuss the three other approach_es. 
(2) Any organic substrate can be characterised by its number of electrons 
available for transfer. 
substrate is determined by 
The number of electrons available per mole of 
a) writing the balanced chemical equation for complete combustion of one 
mole of substrate to determine the number of moles of oxygen consumed, 
and 
b) multiplying the number of moles of oxygen by four (which is the number 
of electrons required to reduce one mole of oxygen). 
For example, a mole of glucose requires 6 moles of oxygen for complete 
oxidation and 24 electrons are transferred i.e. glucose is a 6 mole (192g) 
oxygen or 24 available electron compound: 
c6 H12 06 + 602 ~ 6 co2 + 6 H2 , and 
6 • 4 24 available electrons. 
Lists of available electrons for a wide range of organic compounds have 
been prepared by Kharasch (1925, 1929) so that usually it is not necessary 
to do an analysis as that above. 
Where the substrate constitution is not known its available 
electrons can be determined experimentally by the Total Oxygen Demand 
(TOD) or Chemical Oxygen Demand (COD) test. The more widely known test 
is the COD; applied to glucose, for example, the mass of oxygen required 
10 
for complete combusion of one mole of glucose is 6.32 = 192g COD. Hence 
1 available electron (1 ave') _ 192/24 = 8g COD. 
Payne (]970) analyzed approximately 120 experiments involving pure 
cultures grown on pure substrates and 30 experimental involving mixed 
cultures grown on pure substrates. He accepted the data as reported 
"with no concern for influences that might be noted if maintenance energy 
were considered or if some component(s) other than energy source were made 
limiting". These experiments all gave near constant values for the yield 
of cells per substrate available electron (Yav e') with a mean Yav e' of 
3,03g cells/av e' for pure cultures and 3,14g cells/av e' for mixed 
cultures .J These values expressed in terms of COD (YCOD) would be 
respectivlely 3,03/8 = 0,38 and 3,14/8 = 0,39 gram cell mass per gram COD 
removed from the medium. 
(3) The third approach to quantifying yield is the relationship between 
the enerdy ·Of combustion of the organism mass and that of the substrate 
removed~ I As early as 1922 Terroine and Wurmser found that the fractional 
conversion of the substrate energy to organism energy was 0,60. In 1967 
Mayberry ,1 Prochazka and Payne, in developing a thermodynamic model for 
growth 0£ heterotrophs, determined the heat of combustion of dried cells 
grown ae,obically as 5,3 kcal per gram dry weight (i.e. for Terroine and 
Wurmser ~kcal= 0,60/5,3 = 0,113g cell mass per kcal substrate). Mayberry 
et al. d967) estimated the heat lost in the transformation of substrate 
to organJsm mass by multiplying the moles of oxygen consumed per mole of 
substrate utilized by 106 kcal/mole (the value of 106 is the average 
quantity of energy available from the transfer of four electron 
equivalen
1
ts from an organic source to reduce 
al. 1967, 1968). Accepting these results, 
- I 
one mole of o2 ; Mayberry ~ 
Payne (1970) calculated the 
yield in !grams cells per kilocalorie involved (where the kcal involved is 
given by; the energy in the organism mass plus the energy lost in the 
reduction! of the oxygen) to give a yield in grams cell mass per kcal, 
:~~=i ·ra1Ag:~n :::.,::~::• ::d Y~~:~n:::e :;;::~abl:0:e•:ro:::•t::t .:::l: 
I 
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substrates 40 experiments involving pure cultures and 32 experiments 
' involving mixed cultures gave mean values of 0,116 and O,llOg cell 
mass/kcal, respectively. 
( 4) The fourth approach to quantifying yield involves relating the yield 
of cells to the amount of ATP formed during growth i.e. YATP" Bauchop 
and Elsden (1960) found that in anaerobic growth of s. faecalis and some 
other organisms the yields in grams dry weight were directly proportional 
to the moles of ATP produced per mole of energy source catabolized; these 
YATP values averaged 10,Sg cells per mole of ATP generated, with a range 
of 8, 3 to 12, 6. Calculation of the molar ATP production was based on 
prior knowledge of pathways employed by the organism for the catabolism of 
glucose, ribose and arginine. With regard to aerobic growth, Payne 
(1970) states that " ••• molar production of ATP in aerobic cultures may 
only be estimates and not determined". Attempts at relating ATP 
production to cell yield under aerobic conditions have included ATP gains 
based on (i) oxygen consumed, (ii) values for P/O ratios obtained with 
cell-free extracts, and (iii) "fragmentary knowledge of the components of 
the electron chain in the organism under study" (Payne, 1970). There is 
little merit in describing in detail the considerations that entered into 
Payne's analysis: he arrives at the relationship YATP ~ 10,60g cells/mole 
ATP from analysis of results from a number of substrate-organism grow.th 
experiments. The fact that Payne obtained values of YATP similar to the 
10,5 of Bauchop and Elsden (1960) is not surprising perhaps, as Payne's 
values were based on assumed ATP gains: in fact, he concedes that the 
individual YATP values " ••• were obtained by treatment of the data with an 
answer in mind". 
Servizi and Bogan ( 1963, 1964), on the strength of Bauchop and 
Elsden' s association of ATP production and cell yield, assumed that the 
ATP produced was proportional to the "free energy of oxidation" of the 
substrate, and since the free energy of a substrate is related to the 
moles of oxygen consumed in oxiding one mole of substrate, concluded that 
the yield was proportional to the substrate COD removed from the medium. 
Evaluating the four approaches discussed above, the YATP approach 
probably is important in unravelling the internal mechanisms of growth, 
12 
but has little value in practical modelling of growth. The Y kcal 
approach similarly presents certain practical difficulties, but does 
contribute in that it demonstrates that the energy changes in growth are 
closely proportional to the available electron changes. The Yav e'' cum 
YcOD' apiroach appears to be the indicated one because it expresses the 
yield in terms of a measureable chemical entity, the number of available 
electrons
1
, which can be readily measured via the COD test. Thus, the 
description of the activated sludge process in so far as it affects 
carbonacJous material removal is essentially a description of available 
electron lbehaviour. Tha·t this description is also closely linked with 
the ener y behaviour is of conceptual interest, but not directly of 
crucial dr practical importance in modelling the process. 
With regard to the first approach, of accepting the constancy of 
the fraction of substrate carbon incorporated in cells (i.e. the Ye 
approach), it should be noted that the ratio 
mass substrate carbon 
substrate available electrons 
the 
be different for different organic compounds. Therefore, accepting 
I obsell'ved constancy of Yav e' for a wide range of organic compounds, 
notidg the variability in the above ratio, the corresponding Ye values 
can 
and 
will not be constant: i.e. 
Yc(g cells/g substrate C) Yav e,(g cells/av e')*(av e'/g substrate C) 
constant variable 
This is illustrated in Table 1, using data for Ysub (g cells/mole 
substrate
1
) and Ykcal (g cells/kcal) for five substrates from Payne (1970), 
and calcvlating YCOD' Yav e' and Ye· An examination of Table 1 shows 
I 
that whe1reas Ykcal' Yav e, and YeoD are consistent with each other 
throughojt, the Ye values range from O, 86 to 1, 51 g cells per gram 
I 
substrat~ carbon. Therefore, carbon should not be accepted as a basis 
I 
Table 1: Comparison of Ykal' Yav e'' YCOD and YC for different substrates (Observed Ysub values after 
Payne, 1970). 
Organism Substrate Ysub av e' /mole gC/av e' Yav e' Ycon ykcal Ye (observed) 
Phenylacetate 111,0 36 2,67 3,08 0,39 o, 113 1,16 
Psuedomonas Succinate 42,3 14 3,43 3,02 0,38 0, 113 0,88 
C12B 
Dodecanol 217,0 72 2,00 3,01 0,38 o, 112 1,51 
Psuedomonas 
Glucose 76,2 24 3,00 3,18 0,40 o, 114 1,06 
-aeruginosa 2-0xogluconate 62,0 20 3,60 3,10 0,39 o, 118 0,86 
Units: y sub 
- gram cells per mole substrate utilized 
y 
av e' - gram cells per substrate available electron 
YCOD - gram cells per'gram substrate COD 
y 
kcal 
- gram cells per kcal substrate 




parameten to describe aerobic growth of organisms~ The apparent 
confusioJ over Ye appears to have arisen because the organic material 
investigJted by Siegel and Clifton (1950), Herbert (1958) and MacKechnie 
and Dawek (1969) fortuitously all have' very similar ratios of carbon to 
availabld electrons, close to 3, and therefore exhibit near constant Ye 
values. 
Organism Mass Loss 
IAn important deviation from the theoretical prediction of 
chemostat behaviour derived from Monad's postulates, Eqns (3 and 4), is 
that the I specific yield, Y, apparently decreases as the dilution rate, D, 
decreases or, equivalently, as the organism retention time increases. 
Herbert j(l958) reported this response for a
1 
number of organisms, as 
illustra,ed in Fig 2 for Aerobacter aerogenes grown on glycerol. 
EndogeJ:wo meh::b0otlh:s:,8 ::::er:ee: l 9~;;;nce:nd to Ma::::~:cethi:ne:::~•i:~:; 
(1965).1 
Endogeno , s Metabolism: Herbert, accepting Monad's concept of constant 
I 
cell yield, proposed that the most probable explanation for the reduction 
in specific yield with increasing organism retention time is that, in 
addition to the anabolic metabolism of the organisms (conversion of 
substrate to cell mass), the organisms also have a constant specific 
endogenoJs metabolism in' which cell material is oxidized to co2• Herbert I 
expressed this mathematically by incorporating a first order decay term in 
the growdh rate equation, viz. 
Growth (dX/dt)g µX (7) 
Endogenous 
metaboli~m (dX/dt)e -bx 
I 




Note: ~he substrate change is derived by using Eq (1) applied only to 
Jhe growth term i.e. 
u 
u 
Dilution rate (hr-') 
Glycerol 
con<.cntration 
Fig 2 Growth of Aerobacter aerogenes in continuous culture 
with glycerol as limiting substrate (after Herbert, 1958). 
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dXg = Y dS 
rsert ing in Eq (7): 
dS/dt = (µ/Y)X 
I 
]t should be noted 
Jqs (7 and 8) [i.e. 
16 
(10) 
that some authors have applied Eq (1) to both 
Eq (9)] which is incorrect. 
Inclusion of the b term for endogenous metabolism in the 
formulat~ons describing chemostat response [Eqns (3 and 4)] enabled 
Herbert ~o predict the variation in cell concentration apparently very 
accurate~y: at low growth rates (low D) endogenous metabolism becomes 
more impbrtant compared with the anabolic metabolism and the "effective" 
cell yie d, Mt-.X/Mt.S, decreases. This approach has been used widely to 
describe the behaviour of organisms in the so-called "negative growth rate 
phase". An important implication of Herbert's formulation is that the 
endogeno s metabolism is independent of the growth metabolism. 
Maintenajce Energy: Duclaux (1898) appears the earliest microbiologist to 
I 
propose the concept of a maintenance energy requirement; in contrast 'to 
Herbert, he postulated that the substrate energy is utilized both for 
growth plurposes and for maintenance of essential organism functions. 
Pi rt ( 1915) accepted the Duclaux hypothesis of a maintenance energy in 
preference to the endogenous metabolism approach of Herbert which he 
described as " ••• artificial and indirect". He defined "energy of 
maintenaJce" of bacteria as energy substrate consumed for functions other 
than prokuction of new cell material. He qualified this approach by 
assuming that substrate would be available for maintenance energy 
requirements. The rate of abstraction of substrate was accepted to 
conform to Monad's rate equatio,n, Eq (2), but the fate of the substrate 
i 
was twof?ld: A fraction of the total substrate absorbed (dS) is utilized 
by the ekisting organism mass for maintenance (dSm) and the balance (dSg) 





The yield observed therefore is given by 
y 
obs 
dX dX = = dS dS +dS 
g m 
(12) 
Pirt assumed that the rate of demand of substrate for maintenance is 
prqportional to the concentration of existing organisms i.e. 
mX (13) 
Comparing Herbert and Pirt's approaches, Herbert assigns the 
substrate utilized totally to active mass generation and thereafter an 
organism mass loss occurs with time due to oxidation of the metabolic 
material. Pirt assigns the substrate in part directly to growth and in 
part directly to maintenance of essential organism functions, the fraction 
assigned to essential functions depending on the mass of organisms already 
present. Herbert's approach implies that an organism, as its age 
increases, reduces in mass; Pirt's approach implies that the organism is 
kept in a stable state by regenerating the mass lost due to maintenance, 
and in effect no mass loss occurs. 
Both concepts were proposed on the basis of what the respective 
authors surmized as a logical explanation for the observed reduced 
yield. Each enables the observed organism mass concentrations to be more 
accurately predicted than by the use of Monad's hypotheses4 In assessing 
the usefulness of the respective hypotheses one method is to apply each 
to conditions outside the range in which they were developed: for 
example, when the influent substrate supply to the chemostat and/or the 
oxygen supply is stopped. 
(1) Substrate supply stopped. When no substrate is fed to a culture of 
organisms it is well known that the mass of organisms will decrease 
18 
with time. This phenomenon has been referred to by microbiologists 
as early as 1936 (Woodridge and Standfast). With regard to the Pirt 
apprJach, no explanation is provided for this phenomenon; there is no 
I extettnal source of energy for channelization to the maintenance 
funcJion, and Pi rt' s hypothesis can no longer be applied. Under 
thesJ conditions a qualitative change in organism response from that 
of Plirt to some other will be necessary. In contrast, Herbert's 
approach does allow account for the decrease in organism mass in the 
abse~ce of substrate feed because the decrease in cell mass is 
I 
form~lated independent of the substrate input. Of course it is not 
unre1sonable to expect that when there is no longer substrate present 
a qullitative change in the organism response may take place. In the 
abse~ce of greater clarity as to the causes of endogenous mass loss 
one Jis forced to accept that hypothesis which explains this decrease 
without requiring the necessity for a qualitative change in 
behatiour. In this respect, Herbert's approach is clearly superior. 
(2) Oxygipn supply stopped. In experiments on mixed cultures, if the 
cultire is deprived of oxygen periodically the mass loss does not 
! 
appear to differ from that under continuous aerobic conditions. 
Undei these circumstances it is not possible to apply Herbert's 
hypolhesis logically because during the zero oxyg~n state no electron 
acce~tor is available for endogenous energy generation and again a 
qualttative change in behaviour during the zero oxygen phase is 
necelsary to explain the observed phenomenon. 
I 
jThe kinds of argument advanced in (1) and (2) above are not 
necessarily persuasive because the qualitative changes in environment 
could in~uce qualitative changes in response. 
I 
However, there are other 
phenomena which are not explained by these theories. For example, it 
seems to, be well attested that in aerobic digestion of an organism mass, 
the redJction in mass is 
I 
inert o~ganic material 
This phehomenon cannot be 
! 
hypothesis on endogenous 
associated with a concomitant accumulation of 
a phenomenon totally ignored by both theories. 
disregarded and should be part and parcel of any 
mass loss if the hypothesis is to lead to a 
\ 
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realistic description of the organism behaviour. 
In searching for an alternative hypothesis it should be noted 
that, in pure cultures it is commonly accepted that under no substrate 
addition organisms will die; little information on the rate of death is 
to be found in the literature. However, irrespective of the rate of 
death, one could postulate that on death a part of the organism mass is 
unbiodegradable material, which would explain the generation of inert 
material. The remaining part is biodegradable and could be utilized 
either for maintenance or as a substrate source for growth; at present 
there appears to be no information as to the relative magnitude of these 
two effects, there is little merit, therefore, in attempting to delineate 
the behaviour more exactly. However, the considerations above, when 
applied to mixed cultures (later), does allow the establishment of a 
consistent approach to the phenomenon of endogenous mass loss, 
incorporating the behaviour of aerobic organisms under conditions of no 
influent substrate and no oxygen (or other exogenous electron acceptor) 
supply, and the phenomenon of inert residue accumulation. 
In examining the various hypotheses on endogenous mass loss it is 
appropriate, perhaps, to remember the words of Monod ( 1949) that " ••. the 
negative phase of growth involves distinct problems and methods". This 
view is reflected on in the proceedings of the 1976 Symposium of the 
Society of General Microbiology on "The Survival of Vegetative Organisms", 
in which it was concluded that very little is known of the death or 
declining growth phase (Trinci and Thurston, 1976). 
Growth versus Storage Under Transient Conditions 
Monod's Eq (1) states that Mt.X Y.M6S, and that Y is a 
constant. This, as stated earlier, implies that no external or internal 
storage of substrate occurs because if it did, then under certain 
conditions the specific yield constant, Y, would not remain fixed in 
value. 
Daigger and Grady (1982), in reviewing the dynamics of microbial 
growth on soluble substrates, concluded that Y did not always appear to be 
constant; this was noted specifically under transient conditions. In 
analyzing this phenomenon they subdivided transient behaviour into growth 
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response and storage responses, respectively. These two responses were 
categoriled as follows: 
(1) Grow~h response: transport of extracellular substrates into the cell, 
oxidktion of a portion to obtain energy, and use of the other portion 
for lsy~thesis of the components of the biomass in the "proper" 
prop rtions. 
(2) Storage response: substrate is no longer only utilized for synthesis 
of Jrotoplasm, and synthesis of polymers occurs, these being stored by 
the organism as carbohydrates or lipids. 
The major differences between the two responses are (1) the 
nature ,f the material synthesized (protoplasmic or storage polymer), and 
(2) the mass of substrate oxidized per unit of biomass synthesized, this 
ratio oeing significantly greater for protoplasm formation than for 
storage product formations. 
The distinction of Daigger and Grady between growth and storage 
responses identifies a crucial experimental parameter in any study of the 
dynamic~ of microbial response: namely, oxygen utilization rate (OUR). 
I For eximple, for a culture under transient conditions (either in a 
continuous flow or batch experiment), if over a short interval 
(a) the mass of substrate COD utilized can be accounted for in terms of 
the change in c.ellular COD and the amount of oxygen utilized (i.e. a 
COD mass balance is satisfied); and if 
(b) the observed cell yield (and thus the budgetting of substrate COD 
~etleen synthesis and oxidation) is in accord with Eq ( 1) of Monod 
(i.e. constant Y); 
then it is possible to state that no storage has occurred. 
i 
The above observation highlights the importance of the COD mass 
balance (which requires measurement 
experiJental basis for any study of 
I 
I 
of OUR) in providing the fundamental 
transient behaviour. However, the 
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literature shows that this requirement has seldom been met; consequently 
much of the published data on transient behaviour is of limited utility, 
with interpretation uncertain. 
Growth Kinetic Response: Accepting that mass balances are assured, two 
types of growth-time response have been observed: 
(1) Growth Rate Hysteresis (GRH), proposed by Perret (1960): during 
periods when the substrate concentration varies, the specific growth 
rate of the culture tends to lag behind the value predicted by the 
steady state specific growth rate-substrate relationship. 
(2) Available Reaction Potential (ARP), proposed by McLellan and Busch 
(1969): duririg periods when the substrate concentration varies, the 
specific growth rate immediately follows the value predicted by the 
steady state µ-S relationship. 
Daigger and Grady (1982) provide extensive evidence for the existence of 
GRH and ARP under transient conditions as separate phenomena and in 
combination. These authors also provide a plausible explanation for the 
phenomena in terms of physiological adaption of the culture to changing 
environment; to summarize: 
Levels of RNA, enzymes, etc. adapted to an environment at steady state 
are· less than the values attainable at the maximum specific growth 
rate. When a transient is applied the culture cannot immediately 
grow at its maximum rate; however, the levels of RNA, enzymes, etc. 
change gradua_lly with time, to reach the maximum values ·possible for 
the ·new growth condition - hence GRH. In addition Koch and Deppe 
(1971) have shown that cultures grown at low µ possess "extra" RNA 
which becomes immediately active when the organisms are subjected to a 
step increase in substrate concentration - hence ARP. 
Storage Response 
Storage of polysaccharide or lipids can occur when growth of a 
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culture is limited by a biosynthetic restriction in the presence of a 
readily ltilizable carbon and energy source. The first , observation of 
storage appears to be that of Holme and Palmstierna (1956). They grew 
EschericJia coli in a simple glucose-ammonium salt medium; when ammonia 
was limijting, the glycogen content increased markedly during the final 
stages o growth. Similar responses have been observed for both glycogen 
and PHB !storage under nitrogen-limiting conditions, e.g., Holme (1957), 
Macrae abd Wilkinson (1958), Doudoroff and Stanier (1959), Wright and 
Lockhart (1965). 
The deficiency in· nitrogen for metabolic purposes need not arise 
necessarily from an imbalance in the nitrogen-carbonaceous material 
ratio; btorage can occur even with excess nitrogen. For example, with 
I 
very hig}1 concentrations of carbonaceous material the rate of nitrogen 
I 
transfer I into the cell may not be sufficient to match the rate of 
transport of carbonaceous material. This imbalance also can lead to 
storage.l One solution found by Ekama and Marais (1982) was to increase 
the nitr,gen concentrati~n substantially above that required for metabolic 
purposesJ thereby increasing the rate of nitrogen transfer into the cell. 
It' is of interest to note that storage of glycogen and PHB 
appears to have been observed only in laboratory activated sludge 
acclimated to carbohydrates (usually glucose). Several attempts to 
I demonstrate storage in full scale 
unsuccesJful (van Gils, 1964; 
activated sludge plants have been 
Painter, Denton and Quarmby, 1968; 
Deinema, 1972). 
The significance of the pure culture response discussed in this 
section needs to be assessed in modelling the activated sludge process. 
If phenokena such as storage were the general case then deviations from 
Monad's !hypotheses would have been common, whereas the opposite is 
true. The information was developed principally under conditions of high 
growth rlte, or equivalently at very short sludge ages (< 12 hours). The 
I 
slu~ge ages normally expected in activated sludge processes are very 
unlikely! to be less than one day; under such conditions storage response 
; 
at 9dds with Monad's hypotheses is unlikely to arise. 
I 
:one possible situation, however, could be conceived that could 




and Lewis, 1982) proposed a process configuration in which a small 
"selector" reactor receiving the influent and recycle flows precedes the 
main reactor; the configuration was proposed as a means for reducing the 
possibility of filamentous organism growth. If the soluble substrate 
concentration in the "selector" reactor is high then problems of nitrogen 
transfer limitations may lead to storage of substrate; however, this can 
be overcome by significantly increasing the nitrogen concentration in the 
influent. 
Diauxic Growth 
Monad (1949) appears to have been the first to report that in 
batch culture of a specific species of bacteria exposed to two carbon 
energy sources, one was utilized for growth to exhaustion, followed by a 
lag in growth after which the other carbon source was utilized. Since 
the report of Monod this growth pattern has been observed repeatedly and 
the phenomenon is termed diauxie. In reviewing this growth pattern, 
Harder and Dijkhuizen (1976) found that diauxic growth is exhibited when 
(1) adaption to the less preferred substrate is prevented by the 
preferred, and (2) the process of adaption to the less preferred takes 
place under "non-gratuitous" conditions. Should· these conditions not be 
met the substrates are utilized either simultaneously or sequentially but 
without an intervening lag phase. 
(1974) finds its origin in the 
activity. 
This phenomenon, according to Dyson 
regulation of enzyme synthesis and 
With the same substrate mixture, one organism may exhibit diauxie 
but another not. In chemostat studies at high dilution rates, initially 
an organism may exhibit diauxie, indicated by preferential utilization of 
one substrate. After prolonged operation, however, the organism might 
adapt to utilize both substrates equally effectively. At low dilution 
rates it seems to be a general observation that both substrates are 
utilized simultaneously. This led Harder and Dijkhuizen (1976) to 
suggest " ••• that concurrent utilization of such compounds in nutritionally 
poor natural environments is a general phenomenon". 
Studies on mixed cultures receiving a mixed substrate are 





behavioulal pattern also true for single substrates. Generally the 
response! of mixed culture/mixed substrates is more variable but the basic 
behaviour pattern with regard to diauxic growth is not at variance with 
I 
single drganism/mixed substrate reponse. At low dilution rates again the 
I 
concurrent utilization of substrates is general but the rates of 
utilizat;ion may differ so that the substrate that induces the higher 
I growth ~ate would appear to be utiliz~d preferentially. 
I In th_e activated sludge process the dilution rate usually is so 
low, even in highly loaded plants, that diauxic growth is unlikely; that 
I 
is, simJltaneous utilization of all substrates can be expected. However, 
one can[ also expect that some substrates will be utilized at higher 
specific! rates than others. Consequently, depending on relative 
I 
concentr;ations, one substrate may be effectively removed from the medium 
before the other. The effects of different removal rates on activated 
sludge ~esponse will be discussed later. 
Microbijl Product Formation 
In chemostat studies of single organism species grown on single 
substrates the effluent substrate concentration historically was measured 
for the same compound as that in the influent. For example, if the 
influenti substrate was glucose, glucose was the measured effluent 
paramete'.r. From the data on concentrations of, say, glucose and micro-
organism' mass in the effluent, the influent glucose concentration, and the 
hydraulilc retention time in the chemostat, the hypothesized relationships 
between growth rate and substrate concentration surrounding the organism, 
such as Monod's, were tested and evaluated. 
In the above procedure an error would arise if the effluent 
specific substrate concentration, converted to COD, is less than the total 
soluble effluent COD concentration. A number of such observatior.s have 
been reported in the literature; these are comprehensively reviewed by 
I 
Daigger land Grady ( 1977). The phenomenon has been ascribed to microbial 
product ,formation. 
i Grady and his group have studied microbial product formation 
intensi v,ely, both for pure culture/single substrate and mixed 
culture/single substrate systems (Grady, Harlow and Riesing, 1972). 
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Using a chemostat at 30°C, they studied the response of pure cultures of 
A.aerogenes and E.coli with glucose as substrate, and mixed cultures with 
glucose as substrate. Organism retention times ranged from 5,3 to 11, 1 
hours. In the effluent from both pure and mixed cultures the glucose COD 
per se was always less than the total soluble COD. With the pure 
cultures the effluent glucose COD appeared to conform to prediction based 
on Monod's specific rate equation, but the total effluent soluble COD did 
not. In the mixed cultures both the effluent glucose COD and total 
effluent soluble COD did not conform to Monod-based predictions. In 
addition, the effluent so'luble COD was higher for mixed cultures than for 
pure cultures. 
The results of Grady et al can be briefly commented on insofar as 
these affect Monod's relationship and their relevance to activated sludge 
process description. It seems clear from the results that the simplistic 
equation of Monod does not always correctly describe the rates of 
transformation of substrates to bacterial mass because of byproduct 
formation. With soluble COD as parameter the Monod relationship 
necessarily must be accepted as approximate only, with secondary effects 
that will remain unquantifiable. 
One point is clear from Grady's data: as the organism retention 
time increases the effluent quality improves, and at an 11 hour retention 
time the effluent COD, in fact, is very low. From experiments of Dold, 
Ekama and Marais (1980) using glucose as substrate (measured as COD) with 
mixed cultures at 20°C, at organism retention times of 2,5 days and 
greater, under square wave, daily cyclic loading conditions, Monod 
kinetics appear to apply very accurately; this is reflected not only 'by 
the prediction of effluent soluble COD, but also by the accurate 
predictions of oxygen utilization rate over the whole cycle (see Fig 10 
later). With regard to effluent quality the COD was approximately 30 
mgCOD/1, and near-constant over the whole cycle. If the effluent quality 
alone had been used as the primary parameter for modelling it would have 
been difficult to substantiate Monod kinetics whereas Monod kinetics was 
strongly supported when both effluent quality and oxygen utilization rate 
measurements were invoked. 
In activated sludge processes, except in the aerated lagoon 
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process (perhaps), the organism retention time is not likely to be less 
than one day; with the longer organism retention times the effluent 
soluble ~OD concentration therefore can be expected to be so s~ll that 
for modelling purposes, it can be accepted as zero. Furthermore, the 
influent! concentrations of glucose in the experiments of Grady et al 
ranged f;rom 500 to 1500 mgCOD/ ~. and this material solely was responsible 




Dold, Ekama and Marais (1980) found that the soluble readily 
biodegratlable COD fraction is approximatly 24 percent of the total 
I 
biodegratlable COD so that·even with an unusually high total biodegradable 
COD of, I say, 1000 mgCOD/_~ the soluble COD will be only about 250 
mgCOD/ ~·1 In addition, the mass of organisms generated is determined by 
the tot<:~l biodegradable COD ( 1000 mgCOD/ ~). Consequently, the rate of 
I 
utilization of the soluble biodegradable COD will be much higher than that 
indicate~ by this fraction's concentration, so that the effluent soluble 
biodegra~able COD is unlikely to be of significance in activated sludge 
processeJs operated at sludge ages greater than, say, 2 days. 
In developing a general model for the activated sludge process 
Dold et al retained Monad's relationship for determining the kinetic 
behaviour of soluble readily biodegradable COD, but they determined the 
magnitudrs of the vital constants l1m and Ks (Eq 2) by calibrating the 
model u~ing, inter alia, the oxygen utilization rate response instead of 
the effl:uent quality. (In sewage, use of the effluent COD quality in any 
case is; not possible because the soluble biodegradable COD cannot be 
' 
identifibd directly as the effluent COD contains unbiodegradable soluble 
material). 
1 
In general it would seem that the focus on effluent quality as 
I 
one of lthe primary parameters in process kinetic description, and the 
relative! neglect of the oxygen utilization rate, have had a restrictive 
I 
effect qn the development of reliable activated sludge process models. 
; 
This ob~ervation will become even more relevant once the kinetics of· 
I 
particulate biodegradable COD utilization is reviewed later. 
MIXED CULTURES 
i 
: Although pure culture research has provided the basis for much of 
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the investigation into microbial behaviour, with incalculable benefit to 
mankind particularly in the medical field, it is true also that " ••• pure 
culture growth systems are highly unrepresentative of almost all the 
habitats that support the growth of microorganisms" (Slater, 1981). Once 
two or more organisms are together in a space with two or more chemically 
different substrates, interactions between the organisms and with the 
substrates may become one of great complexity for which no detailed 
description is possible. In the activated sludge process, for example, 
the wide range of organisms and substrate sources makes that the ecosystem 
is constituted of an extremely complex community of organisms in which 
symbiosis, mutualism, competition, predation, parasitism, induction, 
reapression, inhibition, etc., and the abiotic components such as 
substrate type, dissolved oxygen concentration, temperature, etc. all will 
affect organism types, numbers and response. With this complexity one 
may well ask: Is the system amenable to quantitative description? Can 
the pure culture approach have any relevance? 
In an endeavour to find answers to these questions one should 
take note of Odum' s (1971) remark regarding the "levels of 
organisation": The biotic components range in increasing complexity from 
genes to cells, organs, organisms, populations and communities. These 
interacting with the abiotic components give rise to corresponding genetic 
systems, cell systems, organ systems, organismic systems, population 
systems and ecosystems, each system constituting a level of organization, 
the level of organization increasing from the genetic to the ecosystem. 
Odum states that each level of organization develops unique 
characteristics, that the study of another level aids the study of a 
particular level but never can completely explain the phenomena at that 
level. "In other words not all attributes of a higher level are 
predictable if we know only the properties of the lower level" (Odum). 
A second point that Odum makes is that " ••• homeostatic 
mechanisms, that is, checks and balances, forces and counter forces, 
operate all along the line, a certain amount of integration occurs as 
smaller units function within larger units. For example, the rate of 
photosynthesis of a forest community is less variable than that of the 
individual leaves or trees within the community because as one part slows 
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down anof her speeds up in compensatory fashion". Not only does each 
level of organization require investigation unique to itself with 
measuremJnts that may differ from those at other levels, but complicating 
factors in other levels may be of minor importance at the level under 
consideration and vice versa. 
j In terms of the discussion above, at the level of organization 
i 
exemplified by a mixed culture, homeostasis has a balancing effect on the 
I 
disparat~ response of the individual organism, to give rise to a lumped 
mean relponse as if the organisms can be aggregated into a single 
( surrogaf e) organism mass· having the observed response characteristics. 
In this organism mass, detailed consideration of the individual species 
will hjve little relevance as homeostatic effects will provide 
compensatory effects. However, any ·marked deviations imposed on the 
system aiay from the conditions under which it was developed may lead to a 
response that qualitatively deviates from that normal to the benchmark 
surrogate mass. Such deviations may appear, for example, when single 
substratk from an industrial source replaces the mixed substrate from a 
I 
municipal source, or, where the organism retention time in an experiment 
is reduded to such a low level that organisms that have a significant 
effect ob the response at long retention times are washed· out, causing a 
qualitatlve change in the organism mass response. 
I 
I In accepting a surrogate mass it is important, therefore, to 
i 
delineat~, in some measure, the limits of conditions within which the 
l 
response! can be expected to remain substantially consistent. Such 
constraints have evolved naturally in the activated sludge process. 
Three e1amples can be cited' (1) Theoretical considerations based on 
experimental evidence has designated lower limits to the sludge ages of 
plants Jequired to ensure nitrification, the limits being functions of 
temperathre, sewage characteristics and other lesser factors; (2) In 
. I I b" i . . d" h h 1 anoxic aero ic operat on some experience in icates t at t e actua 
duration! of an anoxic state at any given time, together with the number of 
times per day the anoxic state is induced, need to be limited if the 
denitrification response and sludge settling characteristics are not to be 
impaired; (3) In anaerobic/aerobic operation, if the anaerobic mass 
fraction exceeds a certain upper fraction dependant on the temperature and 
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sludge age, then with municipal influents the particulate components in 
the influent cannot be metabolized and the system breaks down. This 
phenomena also is observed in aerobic systems when the sludge age is 
reduced to below 3/ 4 to 2 days, depending on temperature (Arkley and 
Marais, 1981). 
Given these introductory remarks we shall attempt to develop the 
characteristics of the surrogate organism mass, paying particular 
attention to deviations from, and apparent or real similarities between 
pure cultures and this surrogate mass and develop a series of models based 
on the assumed surrogate mass characteristics. 
ENDOGENOUS MASS LOSS MODEL 
Endogenous Mass Loss 
It is in the concept of endogenous mass loss that the first major 
difference between pure culture and naturally developing mixed cultures 
becomes a matter of importance. Bhatla and Gaudy· (1965), while 
investigating the BOD-time curve, pasteurized a fraction of the innoculum 
(to · kill protozoa) and thereafter innoculated the pasteurized and 
unpasteurized innocula, respectively, into a glucose-based substrate. 
Oxygen consumption and the numbers of bacteria and protozoa were measured 
over the period of the test (approximately 8 days). The results are 
shown in Fig 3. The pasteurized cul tu re, after a delay, showed rapid 
total oxygen uptake over the subsequent 24 hours and thereafter very 
little additional uptake. The viable bacterial numbers increased 
concurrently with the oxygen demand and thereafter remained virtually 
static. With the unpasteurized innoculum the initial total oxygen uptake 
also was rapid over a period of one day; thereafter it levelled off for a 
short period, whereupon a secondary phase of oxygen uptake developed over 
the next six days, almost equal in magnitude to that during the first 
phase. During the first phase of oxygen uptake the bacterial numbers 
increased concurrently, to approach a concentration approximately equal to 
that. with the pasteurized innoculum. However, concommitant with the 
second phase of oxygen demand, the bact.erial numbers declined rapidly and 
the protozoan numbers increased. Evidently the predation of the protozoa 
on the bacteria was the cause of the second phase of oxygen demand~ the 
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F:ig 3 Batch response of pasteurized and unpasteurized mixed 
cultures with glucose as substrate. Plots of bacterial 
and protozoan numbers and corresponding cumulative oxygen 
demands with time indicate effect of predation on oxygen 
demand (after Bhatla and Gaudy, 1965). 
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the oxygen uptake probably was principally for synthesis requirements. 
Applying the considerations above to mixed cultures in a 
completely mixed activated sludge process, predation will be a real factor 
as protozoa form a significant fraction of the microbiological community 
in the process. The mass of organisms generated will be· less than with a 
pure culture, due to the loss of energy associated with protozoan mass 
synthesis. Viewed as a surrogate mass, metabolism of the substrate will 
generate mass as with a pure culture but the predation effect will be 
apparent as an endogenous mass loss effect. 
Although the regulatory aspects in the activated sludge ecosystem 
at present are beyond quantitative description the global response can be 
delineated with reasonable reliability. The endogenous mass loss appears 
to be well-defined relative to the active mass. This is evident in 
digestion studies of the mass generated in the process: _In an aerated 
mixed liquor sample, if the oxygen utilization rate (OUR) is measured 
periodically over, say, 10 days, making due correction for nitrification, 
the plot loge(OUR) versus time gives rise to a linear relationship (Fig 
4). The slope is independent of the sludge age of the process from which 
the sample was taken, but a function of temperature (Figs S and 6). Now 
the mass of oxygen utilized is associated with an equivalent mass loss, 
approximately 
MllO = f MtX 
CV a 
where f cv COD:VSS ratio (in the range 1,42 to 1,48; 
Marais and Ekama, 1976). 
(14) 
Hence the slope also describes the specific mass loss rate of the active 





Thus, although the causes for the "endogenous" mass loss in the surrogate 
mass differ fundamentally from those in a pure culture it is still 
possible to retain the structure of Herbert's model for describing the 
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Fig 6 Temperature dependency of specific rate of endogenous 
oxygen demand (after Marais and Ekama, 1976). 
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mass loss (Eq 9). However, now one can expect that at sludge ages below 
which the protozoa are washed out, the specific endogenous mass loss 
constant ;will change in magnitude. "True" endogenous mass loss also will 
occur Ci;f our concept of maintenance is correct) but it seems that this 
effect ik now insignificant compared with the "apparent" endogenous loss. 
as exhiJited by the surrogate mass; in any case the loss due to 
maintenaice can be lumped with the prey-predator endogenous loss as both 
: 
are propbrtional to the active mass. 
Endogenous Residue 
The surrogate mass exhibits a further characteristic which has 
received little attention from pure culture kineticists; namely, The 
generatibn of an appreciable inert organic fraction during "endogenous" 
mass loss, called endogenous residue. The generation of this material 
has been established beyond doubt (McCarty and Brodersen, 1962; 
Washington and Hetling, 1965). From these findings, when the active mass 
per se reduces by one unit, approximately 0,2 units of endogenous residue 
is generated. 
: The first explicit incorporation of endogenous residue into an 
activateh sludge process theory was due to McKinney and Ooten (1969). 





; Incorporating the endogenous residue relationship, it becomes 
possible: to develop a set of basic relationships that would govern the 
activated sludge process: Marais and Ekama (1976), in essence following 
McKinney:'s proposals (except for his substrate utilization rate equation. 
which they replaced by Monod' s), and strongly influenced by the work of 





where ~ = (~/Y) 
(b) Endogenous mass loss: 
dX 
(dt a )e = -b x a 
(c) Endogenous residue generation: 
dX e 
0,2 b x dt= a 
(d) Oxygen requirements: 
1. Synthesis: 
(dO) = (l-f Y) (dS) dt S CV dt 
2. Endogenous mass loss: 
(do ) = ( 1-o 2) b f x dt e , cv a 








Applied to a completely mixed activated sludge process (CMASP) 
operated ·at a sludge age Rs days, and receiving a domestic wastewater, the 
following equations (in mass terms) were developed: 





MXe ol2 b Rs MXa (21) 
I 
I 
I (22) MXi - MX ..• R I 11. s 
! 




0,8 b fcv (24) = (1-fcvY)ML'iS MXa 
where 
MXa = mass of active volatile settleable solids in the process 
(mgVSS) 
MXe = 
MXi i = 
I 






mass of endogenous residue volatile settleable solids in the 
process (mgVSS) 
mass of inert volatile settleable solids (from the influent) 
accumulated in the process (mgVSS). 
mass of inert volatile settleable solids entering the process 
via the influent per day (mgVSS/d) 
sludge age (days) 
mass of biodegradable substrate utilized per day (mgCOD/d) 
mass of oxygen utilized per day (mgO/d). 
The cha~ges in the various fractions with sludge age for a completely 
biodegrafable substrate are shown in Fig 7. It should be noted that in 
this p~esentation the biodegradable effluent quality has not been 
quantified; however, in determining Mli.5 it is assumed that this is duly 
accounted for. This aspect will be dealt with after examining the 
chemical constitution of a typical municipal wastewater. 
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Fig 7 Masses of sludge fractions and daily oxygen demand versus 
sludge age in a reactor for 1 mgCOD utilized per day (after 
Marais and Ekama, 1976). 
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under st~ady state conditions using well-settled sewage in which the inert 
particulate fraction could be accepted as near-zero. They determined the 
endogenoJs mass loss constant, b, by the procedure illustrated in Fig 4 
and found that the model gave very good correspondence between the 
observed :and predicted output parameters (total volatile settleable solids 
concentr~tion, x,,, and carbonaceous oxygen utilization rate) for sludge 
ages ranging from 2,5 to 30 days if Y was chosen as 0,43 mgVASS/mgCOD. 
:Furthermore, developing the aerobic digestion aspect, they showed 
that the! theoretical structure allowed the initial active and inert mass 
fraction1of any mixed liquor to be determined either from a series of OUR 
I 
period of time series of volatile solids measurements over a or a 
determinltions over a period of time. To illustrate, digestion data from 
Adams, Eckenfelder and Stein (1974) was analyzed in terms of the 
theory. In Fig 8 the value of b is determined and in Fig 9 the 
interrelationship between inert, active and endogenous material generated 
over the period of the test is shown as predicted by the model set out 
above. 
,To test the model Eqs (15 to 19) were incorporated in a 
mathematical model describing the response behaviour of a completely mixed 
aerobic p.ctivated sludge process subjected to dynamic loading conditions. 
A labora~ory unit was operated at a 2,5 day sludge age with a daily cyclic 
square w~ve input load (i.e. 12 hours feed, 12 hours no feed) with glucose 
as sub9tf ate. Accepting a Ks value of 40 mgCOD/ .Q. and a ~ ( llm/Y) value 
of 12 mgVSS/ (mgCOD .d), simulated and observed oxygen utilization rate 
(OUR), total volatile settleable solids and effluent COD concentrations 
; 
response$ are compared in Fig 10; evidently the model appeared to be 
i 
acceptab+e for simulating the dynamic process response. 
i Application of the model above to simulate the response in the 
same experiment, but using raw sewage as substrate, however, gave 
predictions completely at variance with observation (see Fig 11). While 
with glucose the OUR on feed termination decreased precipitously to a 
value corresponding to the OUR for endogenous respiration, with sewage a 
small precipitous drop in OUR was evident, whereafter the OUR remained 
near constant for a period (± 2 hours) after which it decreased gradually 
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Fig 8 Analysis of digestion volatile solids versus time data to 
determine specific endogenous mass loss rate coefficient, b 
(Data from Adams et al., 1974; analysis from Warner, Ekama 
and Marais, 1983). 
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Xv= Xa + Xe-+ Xj (MARAIS et al) 
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Fig 9 Prediction of active, endogenous and inert volatile solids 
concentrations for the batch digestion data analyzed in 
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Fig 10 Oxygen utilization rate, volatile settleable solids 
concentration and filtered effluent COD concentration 
response in a single reactor CMASP under a cyclic square 
wave load input (12 hours feed; 12 hours no feed) with 
glucose as substrate; temp = 20°C. 
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Predicted response using Monodrs specific growth rate 
equation compared to observed response in a single, reactor 
CMASP under square wave daily cyclic loading conditions at 
2,5 day sludge age with raw sewage as influent; temp = 20°C 
(after Dold et al., 1980). 
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respiration. This qualitative difference in behaviour indicated that a 
major rei:J.ppraisal of the process kinetics was necessary in the case with 
sewage as substrate. This reappraisal involved principally consideration 
I 
of the dubstrate constitution in reformulating the substrate utilization 
rate (or equivalently the organism growth rate) equations. 
BISUBSTRiTE MODEL 
jApproximately 60 to 70 percent of the COD in municipal wastewater 
is in particulate form. The balance is in colloidal and soluble form but 
even thel latter may contain complex organic constituents that cannot be 
utilized directly by the organism mass. Consequently, the major fraction 
of the iinfluent COD is unlikely to be metabolized in accordance with 
Monod' s rate equation (Eq 2) as this relationship, as stated before, 
implies ~irect utilization of the substrate. For convenience, designate 
' 
all bio~egradable COD fractions that cannot be utilized directly by the 
term bio~egradable particulate COD and all fractions that can be utilized 
directly I as biodegradable soluble COD. The biodegradable particulate 
fraction will require adsorption onto the organism (i.e. extracellular 
storage ~akes place); the stored material then will require to be broken 
I 
down by[ hydrolytic enzymes, to smaller molecular units that can pass 
i 
through !the cell wall for utilization by the organism. Adsorption, 
storage land hydrolytic breakdown therefore need to be considered because, 
if the r1ate of adsorption and breakdown takes place at a rate lower than 
the rate of metabolism of the material derived from breakdown, then the 
lowest rate will govern the rate of utilization of the particulate 
! 
substrat~. 
:Andrews and his group were the pioneers in developing a 
i 
biokinettc theory for describing particulate substrate utilization. In 
essence 'this entails two processes, substrate storage and substrate 
utilization. 
Substrate storage: McLellan (1969) demonstrated that there is a maximum 
level for stored substrate called the available storage potential and that 
the driving force for substrate storage is dependent on the level of 
stored substrate - the lower the storage level the faster the storage 
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rate. Blackwell ( 1971) considered that both soluble and particulate 
substrate require to be adsorbed and stored, and proposed that the 





--= -K sbx (f - x /x ) dt a a ma s a 
substrate transfer rate (mgCOD/mgVASS/d) 
active volatile solids concentration (mgVASS/i) 
biodegradable substrate concentration in the liquid 
phase (mgCOD/ i) 
stored substrate concentration (mgVSS/i) 
maximum fraction of substrate that can be stored on 
the active organism mass (mgVSS/mgVASS). 
Correspondingly, this gives rise to a storage rate 
dX 
(-s) = K S X (f - X /X )/f 
dt storage a b a ma s a cv 
(25) 
(26) 
Adsorption is an example of a mass transfer process and its formulation, 
as expressed in Eq (25) above, is in conformity with mass transfer 
principles. 
Andrews and Busby (1973) suggested that Blackwell's equation was 
deficient in that it did not consider the effect of substrate 





~K sbx (f (K +S ) - x /X ) 





They jusltified this modification by noting that Morris and Stumm (1960) 
I 
found that adsorption of substrate was dependent on the substrate 
concentration in the liquid phase. However, it is doubtful whether the 
modification reflects this as it merely introduces a variable storage 
potential.. In the absence of definitive evidence supporting Andrews and 
Busby's modification the equation of Blackwell can be accepted. 
Stored s.ubstrate utilization: The mass of stored substrate is determined 
I 
from th~ difference between the rate of adsorption and the rate of 
hydrolytic breakdown. Noting how rapidly biodegradable soluble COD is 
utilized, the process of hydrolytic breakdown and utilization of the 
products can be formulated as a single rate equation, that defining the 
rate of hydrolytic breakdown. 
The rate of stored substrate utilization was formulated by 
Blackwell (1971), Jacquart, Lefort and Ravel (1973) and Andrews and Busby 
(1973) as a Monad-type saturation equation of the form 
dX K X f s 
(~)syn ( 
m s cv )x 
K +X f a 
S S CV 
dX K X f 
i.e. a ( m s cv )x ~ - y K +X f a 
X S CV 
and overall 
! dX dX 
s - s 




From the work of Porges, Jasewicz and Hoover (1956), fma appears 
to have · a value approximately unity. Consequently, when Xa is low Xs 
necessarily is low also, and from Eq ( 29) the rate of synthesis also will 
be low. This is contrary to expectation for in such a situation the 
specific growth rate should be close to the maximum because Xs is large 
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relative to Xa. This deficiency stems from defining the stored substrate 
concentration in units relative to the bulk liquid. The difficulty can 
be resolved by defining Xs relative to the active mass concentration, 
Xa; that is, the specific rate of utilization is determined by (X /X ) . s a 
rather than by the bulk concentration, Xs. Consequently Eq (29) should 
be reformulated as 
dX K (X /X ) 
a _ ( mp s a ) 
dt - y (K /f ) + (X /X ) xa 
sp cv s a 
(31) 
Stenstrom (1975) developed Eq (31), but in terms of the total volatile 
solids concentration, xv, instead. of the active volatile solids 
concentration i.e. (Xs/Xv) .instead of (Xs/Xa)· 
Dold, Ekama and Marais (1980) showed that Eq (31) could be 
developed from the basis of Levenspiel's (1972) surface reaction 
theory. This provides a rational basis for Eq 31 to place it on the same 
semi-empirical footing as Monod' s - both have a history of pure empiricism 
in their initial formulation. 
Incorporating the storage approach in the CMASP model appeared to 
explain the observed oxygen utilization rate (OUR) behaviour subsequent to 
feed termination in the square wave tests (see Fig 12). However, it did 
not explain the small precipitous drop in OUR on feed termination. In 
attempting to explain this latter behaviour, Ekama and Marais (1978) 
proposed that the adsorption of substrate required energy (or equivalently 
an oxygen demand), and at feed termination this energy demand ceased, 
manifesting itself by a precipitous drop in the OUR. Dold, Ekama and 
Marais (1980) found this argument unconvincing as an adsorbed state should 
correspond to a lower energy level than the unadsorbed state. Noting the 
precipitous drop in OUR on feed termination ·when the soluble substrate 
glucose served as influent (see Fig 10), they hypothesized that the small 
precipitous drop when sewage served as influent could be ascribed to a 
fraction of the sewage having characteristics similar to glucose, and 
giving rise to a similar response on feed termination. Accordingly, Dold 
et al. (1980) formulated a bisubstrate model for the activated sludge 
process in which the overall growth rate was assumed to be equal to the 
sum of the growth rates of the particulate biodegradable and soluble 
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readily biodegradable COD fractions each rate operating independently of 
the other. The soluble COD was utilized in accordance with Monod 
kinetics (Eq 2) and the particulate COD in accordance with Levenspiel 
kinetics (Eq 31). Using this approach Dold et al. were able to simulate 
very satisfactorily the observed response in the square wave test with 
sewage as influent (Fig 13). 
The model has been used very successfully to simulate the 
response observed in a range of aerobic CMAS process types: 
reactor (operated over a range of sludge ages and temperatures); 
single 
series 
reactor; contact stabilization; and aerobic digestion (see Figs 13 to 17). 
These simulations were done using the same set of kinetic 
constants, except for the value of K "ms in the contact 
stabilization process where it was required to be reduced. This 
inconsistency raised the question as to whether the two rates, as assumed 
in the model, were in fact independent under the high load conditions 
(high F /M) in the contact reactor. 
later. 
Influent Constitution 
We will return to this question 
Activated sludge process models based on the fundamental 
biokinetic relationships evolved in terms of the surrogate mass approach 
provided the structure for determining the various influent substrate 
components and the biokinetic constants. Differentiation between the 
various substrate components, and the kinetic response of the process to 
these, appears to give a rational explanation of much of the observed 
behaviour. 
The division of the influent COD in a sense was determined by the 
structure of the model. This demanded differentiating between (readily) 
biodegradable soluble COD (Sbs), (slowly) biodegradable particulate COD 
(Sbp), unbiodegradable soluble COD (Sus) and unbiodegradable particulate 
COD (Sup = Xii .fcv) in the wastewater. In the final analysis these 
fractions only could be evaluated from the kinetic response of the 
process; the values find acceptance from the consistency of the response 
over a wide range of process types and conditions. Figure 18, below, 
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Fig 13 Predicted response of same process as in Fig 11, but 
accepting a bisubstrate composition of the biodegradable 
influent COD with readily biodegradable soluble COD 
utilized according to Monad kinetics and slowly biode-
gradable particulate COD utilized according to Eq (31) 
via storage (after Dold et al., 1980). 
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Fig 14 Predicted response using the bisubstrate theory compared 
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to observed response in a single reactor CMASP und~r square 
wave daily cyclic loading conditions at 20 day sludge age 
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Fig 15 Predicted response using the bisubstrate theory compared 
to observed response in a series reactor CMASP configura-
tion under steady state loading conditions at 10 day sludge 
age with raw sewage as influent; temp = 20°C (after Dold 
et al., 1980). 
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Fig 16 Predicted response using the bisubstrate theory compared 
to observed response in a contact stabilization CMASP under 
sine wave daily cyclic loading conditions at 5,8 day sludge 
age with raw sewage as influent; temp = 19,5°C (after 
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age) wasting to three digesters in series, each at 4 day sludge age; 







illustrates the division of wastewater COD into the various components; 
values in brackets are typical ·of the magnitudes encountered for an 
unsettled municipal wastewater from a South African source. (These 

























Division of domestic wastewater COD fractions. (Values in 
brackets correspond to typical magnitudes encountered for 
South African wastewaters). 
Effluent Quality 
The organism mass is generated from the total biodegradable 
influent COD utilized. The unbiodegradable particulate fraction, Sup• is 
enmeshed in the sludge mass and removed via the sludge wastage stream. 
The biodegradable particulate material is enmeshed, · adsorbed and 
synthesized into organism mass. Therefore, neither of the two particulate 
fractions appear in the effluent COD. The soluble biodegradable COD is 
metabolized directly by the organisms; any undegraded biodegradable 
soluble COD appears in the effluent. The unbiodegradable soluble COD is 
hyp'othesized to pass, unaffected, through the process and appears in the 
effluent. 
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Experimental observations on processes operated concurrently on 
the same influent sewage show no difference in effluent COD concentration 
irrespective of sludge age and loading pattern, provided the sludge age is 
greater than 2 to 3 days. This insensitivity of the effluent quality 
arises from three sources: 
(1) The sludge mass is generated from the total biodegradable COD (soluble 
plus particulate); 
(2) The particulate COD does not contribute; and 
(3) The specific rate of soluble COD utilization is high. 
Given the above factors, in domestic wastewaters the ratio of soluble COD 
to total active organism mass ("soluble F/total M") generally is very 
low; as a consequence the biodegradable soluble COD concentration is very 
low (effectively zero) for sludge ages greater than 2 to 3 days, even 
under dynamic loading conditions. Therefore the effluent quality is 
determined solely by the concentration of unbiodegradable soluble COD in 
the influent (S ) from the fact that the effluent COD does not usi 
increase with sludge ages from 3 to 30 days it is concluded that none is 
generated by the process and is derived totally from the influent. 
The effect of sludge age on the behavioural pattern is 
illustrated by simulating the response characteristics of an aerated 
lagoon over a range of sludge ages from 0,5 to 5 days (Fig 19). In the 
figure the soluble biodegradable effluent COD concentration, Sbs> is 
virtually zero for sludge ages greater than one day and the stored COD 
concentration, Xs, becomes effectively zero for sludge ages greater than 2 
days. Consequently one can accept that for sludge ages greater than 2 
days there will be no soluble biodegradable material in the effluent and 
the particulate biodegradable material is completely metablized. For 
design purposes, therefore, if Rs > '2 days the effluent biodegradable COD 
can be taken as zero, and the sludge masses generated and oxygen utilized 
can be determined from the steady state equations (Eqs 20 to 24) assuming 























































w 1 RATE 
\ {01 UTILIZATION 10 E 
4 














m ol =:......... ,......... , , 1 
0 I 2 3 4 5 

















0 I 2 3 4 5 
Retention Time, d 
Fig 19 Comparison of predicted response for a suspension mixed aerated lagoon 
receiving raw sewage for retention times (sludge ages) from 0,5 to 5 days 
















assumptions, the predictions of the steady state equations are 
superimposed in Fig 19. Evidently, at sludge ages less than 2 days the 
response characteristics can be estimated theoretically only via the 
general bisubstrate model. 
Ks for Soluble Substrate Utilization 
With municipal wastewaters, in order to obtain agreement between 
observation and simulation using the general model, the half saturation 
constant for the soluble substrate had to be accepted as approximately 4 
to 8 mgCOD/ J., whereas Ks values of 80 to 120 mgCOD/ J. (for sludge ages of 
about 4 hours) and 20 to 40 mgCOD/J. (for sludge ages of about 3 days) are 
required to simulate the response with glucose as influent. The necessity 
for this reduction cannot be explained unequivocably, but does find 
rationality in the quote of Monad earlier in 'this paper; he indicated 
that, where a web of enzymes have an influence on the rate, generally Ks 
will be smaller than if only one of the enzymes controlled the 
reaction. The smallness of Ks finds verification in batch tests on mixed 
liquor to which is added a slug of domestic waste. The initial phase of 
oxygen reduction which is associated with the readily biodegradable COD 
always is linear until that substrate fraction has been fully utilized, 
whereupon abruptly the rate changes to a lower value, i.e. due to the low 
Ks value the rate is zero order down to low soluble substrate 
concentrations. If Ks were high the simulation indicates that a curved 
oxygen-time profile would be observed under this condition. This 
behavioural pattern serves as a cautionary note not to extrapolate, 
uncritically, single substrate behavioural patterns to complex mixed 
substrate conditions. 
Oxygen Utilization Rate (OUR) 
The oxygen utilization rate gives a direct reflection of the 
metabolic activity of the sludge. Therefore, OUR is a parameter of 
crucial importance in any kinetic analysis of process behaviour. In this 
regard the different reactions can be identified only under dynamic 
conditions; for example, imposing a square wave loading condition. 
Under steady state conditions the different kinetic reactions cannot be 
SS 
separated as the overall rate will be that of the rate-controlling step. 
Another important aspect of process model development is that 
process identification is more explicit at short rather than at long 
sludge 8:ges. At long sludge ages, because most of the reactions are 
essentially complete, the response of the process tends to follow the 
influent load pattern. This is illustrated by comparing the OUR response 
in 
1










: to the input 
I 
load pattern makes that the effluent quality has 




The concepts, of an endogenous mass loss to describe the prey-
predator interaction and the bisubstrate division of the influent, we have 
seen, al,lowed a model to be developed that gave good predictions of the 
response of activated sludge processes under aerobic conditions. However, 
when the model was applied to systems that included anoxic zones (with 
nitrate ·as the only electron acceptor) and/or anaerobic zones (free of 
both oxygen and nitrate) the response observed deviated from that 
predicted by the model. 
I 
Observations, for example, indicated that (1) inclusion of an 
an~erobic reactor in an activated sludge process did not affect the 
endogenous mass loss of the system when compared to an aerobic one 
operated at the same sludge age; and (2) in an aerobic reactor following 
an anaerobic one, the oxygen demand was higher by an amount corresponding 
to that which would have been ascribed to mass loss in the anaerobic 
reactor had that reactor been aerated (for example, see Fig 24, later). 
The qualities assigned to the surrogate mass (which we have shown 
is based on a prey-predator interaction) in effect lumps the interactive 
effects as an endogenous mass loss. By ascribing an endogenous mass loss 
I 
property to the surrogate mass one necessarily also must accept the 
I · f 1 1 necessity or an externa e ectron acceptor to obtain the mass loss 
I 
effect. In the situation where an electron acceptor is not available the 
I 
mas,s loss cannot occur, but the model based on the endogenous mass loss 
concept gives no directive whereby logically the cessation in mass loss 
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can be compensated for by an above-normal increase in mass loss in a 
subsequent aerobic state. However, we can assign qualities to the 
surrogate mass, still based on the prey-predator concept, that do allow 
the effect of anoxic/anaerobic states to be incorporated consistently into 
the aerobic activated sludge model. 
In the surrogate mass one cannot distinguish between the prey and 
the predators, but one can describe the predation as a death within the 
mass and the associated growth of the .predators as a synthesis. It is 
also possible to conceive that (1) the predators themselves do not utilize 
all the substrate derived from the prey and/or (2) the prey anabolic 
action produces by-products which in turn stimulate bacterial growth. 
Viewed as an ecosystem, apparently a stable interactive state between prey 
and predators is attained. Accordingly, one can assign a global death-
regeneration property to the surrogate mass. During an anaerobic phase 
predation can continue, but utilization of this material cannot take place 
due to a lack of an electron acceptor. In this phase, therefore, an 
accumulation of substrate takes place. Subsequently, an aeration, the 
accumulated substrate material will induce a higher than normal oxygen 
demand for synthesizi11g protoplasmic mass. Thus, in the surrogate death-
regeneration model we hypothesize a rate of death of the organism mass (a 
process that continues irrespective of the availability of an electron 
acceptor) and growth (regeneration) using the dead material as 
substrate. As there is always a loss of energy (equivalently organic 
mass) during synthesis, the net effect of the death/growth cycle is a 
reduction in mass - the endogenous mass loss of the previous model. If 
the mass receives an external source of substrate the total amount of 
substrate available to the organism will be that derived from "death" plus 
that from the outside source. 
Viewed from a wider perspective, the death-regeneration approach 
can be justified without invoking the prey-predation concept. One should 
remember that an activated sludge process operated at, say, a 20 day 
sludge age, receives only 5 percent of the substrate per unit organism 
mass compared to a process operated at, say, a 1 day sludge age (assuming 
no endogenous mass loss occurs). Bacteria can replicate, in fact, in one 
to three hours if sufficient substrate is available; consequently, with a 
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20 day sludge age, even though the mass receives substrate, the organisms 
are still in a state of extreme nutrient deficiency. Under these 
conditions it is not unreasonable to speculate that a fraction of the 
organisms will succumb, release substrate, and the released substrate 
provide nutrition for the balance. This point of view will suffice also 
for pure cultures. However, one should note that in Fig 3, the mass loss 
in a culture without predators was exceedingly small, indicating that the 
stress induced by a lack of maintenance energy per se is small, resulting 
in a low death rate. Evidently the small amount of energy thus released 
is sufficient to maintain 'vitality in the rest of the organism mass. In 
contrast, in mixed cultures the predation and other interactive effects 
causes a high death rate, far greater in intensity than that induced by 
loss of vitality of the organisms. In mixed cultures, therefore, it 
would seem that the maintenance function per se is of minor significance, 
whereas death due to other causes is of major importance. The energy now 
supports an ecosystem, a community of interactive organisms which 
apparently ·requires a much greater throughput of energy, external or self-
generated. 
Translation of the speculations above into a quantit~tive theory 
was relatively easy to accomplish. Quantitative kinetic formulations are 
detailed by Dold, Ekama and Marais (1980), and there is little point in 
repeating these here. It suffices to say that the Monod and Levenspiel 
rate equations for growth on the two respective biodegradable substrate 
components were retained, but the endogenous mas loss rate approach was 
replaced by the death-regeneration approach, assuming a constant specific 
death rate; the biodegradable organic material released on death needed 
to be formulated as consisting of particulate (slowly) biodegradable 
substrate - this does not appear unreasonable as the material will be 
comprised of complex molecules. The biokinetic constants had to be 
changed appropriately but this was readily accomplished as the endogenous 
mass loss approach is linearly related to the death-regeneration one. 
Simulation using the death-regeneration model has shown that in 
aerobic systems both theories predict dynamic process response that are 
virtually identical. Under anaerobic/anoxic/aerobic operation, however, 
the death regeneration model is superior because it provides for substrate 
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a,ccumulation during the anaerobic-anoxic phases. By accepting the death-
regeneration model it has been possible at the University of Cape Town to 
simulate, very accurately, the complete spectrum of activated sludge 
processes so far investigated: these include, besides the aerobic 
processes described earlier, multi-reactor series processes incorporating 
anoxic and aerobic zones under cyclic loading conditions (see Figs 20 and 
21); sequential anoxic/ aerobic states imposed on a single reactor under 
cyclic and steady state loading conditions (see Figs 22 and 23); and 
sequential anoxic/aerobic operation of digestors receiving a slug of waste 
activated sludge once a day (see Fig 24). 
The examples above reflect the observed responses of the 
different processes. There are, however, certain interesting aspects not 
directly apparent from the results, and these merit comment: 
( 1) In terms of the death-regeneration model, each day 62 percent of the 
surrogate mass "dies", the biodegradable mass fraction thus released 
providing organic energy for the regeneration of 45 percent of that 
mass fraction as "new" live mass, to give rise to a net specific 
reduction of 24 percent per day - the same as in the endogenous mass 
lo~s model. 
(2) The inert fraction of the organism mass (which accumulates as inert 
endogenous residue on death) comes out to be 8 percent, instead of the 
20 - percent in the endogenous mass loss model. Due to the large 
internal recycling of energy the net cumulative effect is an apparent 
20 percent inert fraction relative to the 24 percent per day net 
reduction of active mass. Subjectively, an inert fraction of 8 
percent for a microorganism is more satisfactory than 20 percent; the 
latter seems unreasonably high for a bacterium. 
( 3) As the operating sludge age is increased the energy recycled in the 
system due to death becomes the dominating fraction of the total 
energy processed by the active mass. Speculatively one could wonder 
if the complex structure of the activated sludge ecosystem and its 
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Fig 20 Predicted response using the bisubstrate death-regeneration 
model compared to observed response in a series reactor CMASP 
anoxic/aerobic system under square wave daily cyclic loading 
conditions with raw sewage as influent at 20 day'sludge age; 
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model compared to observed response in a single reactor CMASP 
under steady state loading conditions with sequential aerated/ 
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Fig 24 Predicted response using the bisubstrate death-regeneration 
model compared to observed response in a digester receiving a 
daily slug of waste activated sludge from a CMASP operated at 
4 days sludge age, ra~ sewage (500 mgCOD/ £) as influent. 
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Digester retention time = 6 days; sequential unaerated/aerated 
periods each of 4 hours; temp= 20°C (after Warner et al., 1983). 
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dominating influence of the recycling of energy generated within itself. 
( 4) Due to particulate substrate from death, simulation shows that the 
ratio (Xs/Xa) never can decrease to zero, but attains a relatively 
stable state of approximately O, 1 once the sludge age exceeds about 2 
days. We noted earlier that the term (fma - Xs/Xa) is a measure of 
the unoccupied adsorption sites in the Levenspiel surface reaction 
approach. From simulations with the death-regeneration model of the 
completely mixed aerobic process treating raw sewage, for sludge ages 
from 1 to 25 days, at .16°C, the term (fma - Xs/Xa) is plotted versus 
sludge age in Fig 25. Clearly once the sludge age exceeds about 2 
days the fraction o~ unoccupied adsorption sites becomes substantially 
constant. When this happens one can expect the organism response to 
soluble COD effectively will become independent of the particulate 
COD, justifying the assumption that the different substrate fractions 
are utilized independently by the same surrogate mass. However, for 
conditions equivalent to those at sludge ages less than 2 days, this 
independence no longer seems acceptable; this may provide an 
explanation for the need to reduce the specific rate of utilization of 
soluble readily biodegradable COD observed experimentally in the 
contact reactor of the contact stabilization process as noted 
earlier. This is an aspect that merits attention as its resolution 
would provide evidence for or against the death-regeneration approach. 
CONCLUSIONS 
The following main conclusions 
presentation: 
can be drawn from this 
1. The level of organization of mixed microbial cultures, from an 
ecological point of view, is that defined by a community of 
microorganism populations, with strong population interactions. The 
ecosystem responds as an entity to input substrate and abiotic factors 
so much so, that its behaviour can be approximated by a surrogate mass 
that has behavioural characteristics that give rise to the observed 
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Fig 25 Theoretical plot of fraction unoccupied adsorption sites as a 
function of sludge age as predicted by the bisubstrate death-
regeneration model with raw sewage as influent (after Sehayek 




interaction so that, in general, great caution should be exercised in 
extrapolating single species behavioural patterns to mixed cultures. 
2. Endogenous mass loss in mixed cultures appears to be due principally 
' 
to organism interactions; for example, a prey-predation effect. The 
mat~rial "released" on death provides substrate 
! 
for synthesis of 
Behaviour under microbial mass i.e. regeneration of mass. 
anakrobic/ aerobic operation indicates that "death" is continuous and 
proportional to the live mass. Synthesis takes place only if an 
electron acceptor (oxygen or nitrate) is available; when absent the 
dead material accumulates and adds to the substrate mass introduced 
fro)u outside sources. In terms of this description one can 
hyp;othesize a surrogate mass which either exhibits. the high 
.. endogenous .. mass loss or in which death and regeneration takes place 
to ,give an equivalent mass loss. 
3. Organic substrate is best characterised by its available electron 
content, measured equivalently by the mass of oxygen necessary to 
accept all the available electrons in the organic sample i.e. by means 
of ! the Chemical Oxygen Demand (COD) test. Electrons cannot be 
deitroyed; consequently, in steady state, operation of a CMASP, for 
example, the mass input COD per day always must equal the sum of the 
mass output of COD per day in the effluent and the sludge wastage 
stream plus the mass of oxygen utilized._ This balance constitutes a 
powerful check in any investigation, dynamic or steady state. 
4. The energy per electron available in mixed substrates is very nearly 
constant so that the transfer of electrons to synthesized material or 
to oxygen traces the transfer of the energy accordingly. In this 
manner the energy flow through the system can be traced, by following 
the destination of the electrons. 
5. The input COD from municipal sources can ·be categorised into four 
fractions: (i) unbiodegradable soluble; (ii) unbiodegradable 
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particulate; (iii) readily biodegradable soluble; and (iv) slowly 
biodegradable particulate. With regard to the utilization of these 
fractions by the surrogate microbial mass: (i) passes unaffected 
through the process and is discharged with the effluent; (ii) is 
enmeshed in the sludge matrix and is discharged via the sludge wastage 
stream; (iii) is metabolised directly and rapidly, approximately in 
accordance with Monod' s specific growth rate equation; and (iv) is 
enmeshed in the sludge matrix, adsorbed and stored on the organism 
where it is broken down by hydrolytic enzymes, whereupon it is 
absorbed and metabolised as with (iii) above. The governing rate 
appears to be the hydrolytic action and its rate appears to conform to 
a surface mediated reaction which can be modelled by a modification of 
Levens pi el' s surface reaction theory. Thus, insofar as the total 
biodegradable substrate fraction is concerned, it is of a bisubstrate 
nature in which each fraction reacts very differently from the other. 
6. Incorporating the bisubstrate categorization of the influent 
biodegradable material and the equivalent endogenous mass loss 
hypothesis of the. surrogate mass, the response of aerobic processes, 
under both steady and dynamic states of operation, can be accurately 
modelled; however, the model is inadequate to describe process 
behaviour if anaerobic and anoxic zones are incorporated in the 
process or the process is operated alternatingly in anoxic or 
anaerobic/aerobic phases. 
7. Incorporation of the bisubstrate categorization of the influent and 
the death-regeneration hypothesis for the surrogate mass in a model, 
allows the response of both aerobic and anaerobic/anoxic/aerobic 
systems to be described accurately. 
8. Due to enmeshment and adsorption of particulate biodegradable COD, and 
the relatively low concentration of readily biodegradable soluble COD 
in domestic wastewaters, the effluent biodegradable soluble COD is 
highly insensitive to variations in the influent loading pattern to a 
process, and always near zero for organism retention times greater 
67 
than about 2 days. 
I 
In contrast, the oxygen utilization rate responds 
ver'I sensitively to changes in biological activity brought about by 
changes in input load. This is true particularly at short organism 
retention times (of about 2.5 days). Consequently, the oxygen 
uti~ization rate constitutes a powerful parameter in separating out 
' the different biological reactions and quantifying the associated mass 
and kinetic constants. 
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Abstract 
This paper attempts a general reorganisation of the activated 
sludge process theory at steady state in terms of the sludge age. 
Equations are presented for calculating the masses of active, 
endogenous residue and inert volatile material in the reactor. 
These are integrated with the oxygen demand. Investigation in 
nitrification kinetics indicates that in municipal wastewaters 
the rate limiting step is the conversion of organic TKN to the 
NH;" form. New methods are presented to determine the yield 
constant, Y, endogenous respiration constant, b, and the sub-
strate conversion rate constant, K. 
A critical analysis is given of existing design criteria in terms 
of the sludge loading rate and a procedure for design in terms of 
sludge age is set out. 
Introduction 
When attempting to trace the development of the theory of ac-
tivated sludge process over the past 25 years, one encounters an 
array of papers bewildering in their number and diversity of 
point of view. Only a thorough study will allow recognition and 
assessment of original ideas contributed during this period. 
Whereas most papers contribute in some fashion to the totality 
of understanding of the process only a few, in the opinion of the 
authors, are of major significance. 
McKinney ( 1962) made a major contribution by presenting 
the first rational kinetic theory for the completely mixed acti-
vated sludge process (see also McKinney and Ooten, 1969). 
McKinney established the importance of sludge age (i.e. or-
ganism retention time), the food/micro-organism ratio and the 
division of the sludge mass into active, endogenous residue and 
inert fractions. He presented formulations for the steady state 
concentrations in the reactor for the nutrient, the active, en-
dogenous residue and inert volatile fractions and, the oxygen 
consumption rate. His hypothesis on the rate of nutrient utili-
zation however, differed fundamentally from that proposed by 
Monod ( 1950) whose hypothesis found substantial support 
from many investigators. The two hypotheses have led to con-
troversy that exists to the present day (Goodman and En-
glande, 1972; Garret, 1972; and Marais, 1973). McKinney's 
work has had an immense fertilizing effect on the development 
of the theory of the activated sludge process. 
Lawrence and McCarty ( 1970) presented a unified approach 
to biodegradation kinetics based on the Monod hypothesis for 
nutrient utilization. Inter alia they considered the activated 
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sludge process where, in particular, they clarified the connec-
tion between the food/micro-organism ratio (load factor) and 
the sludge age. Their presentation is incomplete in that they 
omitted to incorporate the inert and endogenous mass fractions 
of the sludge generated in process. This paper is perhaps the 
most significant subsequent to McKinney's. 
A comparison of the Lawrence and McCarty and McKinney 
theories (Appendix A), shows that for all practical purposes the 
two theories will produce virtually identical designs if, as is 
usual in practice, the same load factors (or sludge ages) and 
sludge concentrations are specified. From a theoretical point of 
view however, the McKinney approach implies that the 
effluent quality is a function of the hydraulic retention time and 
independent of the sludge age, whereas the Lawrence and 
McCarty approach implies that the effluent quality is a func-
tion of the sludge age and independent of the hydraulic reten-
tion time. However, the constants assigned in each of the ap-
proaches to determine the effluent quality are such that the 
difference in effluent quality is inconsequential. It is only in this 
aspect, i.e. in the determination of effluent quality, that the two 
theories differ. In other respects it can be shown that identical 
equations apply to determine sludge concentrations and oxy-
gen demand (Marais, 1973). 
In this paper Monod's approach is utilized for the reason 
that in the opinion of the authors the balance of experimental 
evidence, however inconclusive, favours Monod's hypothesis. 
But even Monod's approach is deficient and needs augmenta-
tion to give predictions in reasonable accord with experimental 
results when applied to the dynamic behaviour of the activated 
sludge process. Andrews and Busby ( 1973) proposed an ad-
sorption and storage mechanism to precede the actual nutrient 
utilization by the organism. With this mechanism, the nutrient 
concentration is no longer directly related to the sludge growth 
rate, as required by the Monod hypothesis, but only applies in 
the special case when steady state conditions are operative. The 
hypothesis of Andrews, duly modified, has proved of crucial 
importance to the work reported in this series of papers. 
The work of Eckenfelder ( 1967) and his group was outstand-
ing in converting the theoretical concepts into practical design 
procedures. Their procedures were based on ad hoc experimen-
tal investigations into each waste, to obtain design parameters. 
As a theoretical framework for the experimental procedures 
they utilized a simplified Monod approach. At the time no 
practical method existed to separate out experimentally the ac-
tive and non-active fractions of the sludge and accordingly the 
volatile solids were accepted as representative of the active frac-
tion. By making this approximation the approach became 
semi-empirical which, though eminently practical and useful, 
did not contribute to the theoretical development of the kinetic 
theory. Eckenfelder, probably more so than any other engineer, 
was instrumental in establishing new design procedures for the 
activated sludge process. 
There are two papers, not directly concerned with degrada-
tion kinetics, which are of major significance in providing a 
basis for the rational development of the kinetic theory. Ecken-
felder and Weston (1956) established that there is an approxi-
mate proportionality between the mass of volatile solids and 
the Chemical Oxygen Demand (COD) of the mass, as follows; 
6.COD = 1,42 6.VSS. Servizi and Bogan (1963) established 
that when an organic material is oxidized the energy released is 
proportional to the oxygen consumed. As the COD is a mea-
sure of the oxygen necessary to oxidize the volatile material, 
then from Servizi and Bogan's work the COD is a measure (in 
terms of oxygen equivalent) of the energy in the volatile solids. 
Hence it is possible to express the energy in the wastewater and 
at any point in the process either in terms of equivalent oxygen 
or equivalent volatile solids. These two papers established the 
importance of the COD test as a basic measure of energy and 
marks the beginning of the decline of the BOD test. 
The survey above dealt principally with carbonaceous 
energy removal kinetics. Downing, Painter and Knowles 
( 1964) clarified the nitrification behaviour of the activated 
sludge process. In this endeavour their successful employment 
of Monad's hypothesis did much to establish the value of this 
approach in the wider field of biological degradation kinetics. 
The work of Downing et al established the minimum sludge age 
necessary for nitrification at a particular temperature. In this 
respect the theory appears to be adequate. However, applica-
tion to laboratory scale plants operating under cyclic flow con-
ditions treating settled sewage show that a factor limiting the 
rate of nitrification is the necessary conversion ofTKN to saline 
ammonia before nitrification can take place, i.e. the role of nit-
rification is limited to a degree by the rate of production of 
saline ammonia. This aspect is treated in depth in this series of 
papers. 
In the practical application of the activated sludge process it 
is evident that American practice initially was concerned prin-
cipally with the removal of carbonaceous energy. This was 
adequately accomplished by having short sludge ages, or equi-
valently, high load factors. Nitrification tended to be regarded 
as undesirable and, on occasion, the literature records proce-
dures on how to suppress nitrification, for example, by reduc-
ing the ML VSS, i.e. reducing the sludge age, or equivalently, 
increasing the load factor. The problems associated with nit-
rifying plants are consequently not well documented. 
Application of the activated sludge process in tropical and 
semi-tropical countries exposed new problems. Where the 
water temperatures range 22°C upwards it is virtually impossi-
ble to design a process in which nitrification will not occur; 
nitrification takes place at sludge ages of 2,5 days or less. In 
those regions nitrification must be accepted as inevitable. 
Furthermore, to reduce the deleterious effect of ammonia dis-
charge on aquatic life, in some countries nitrified effluents have 
become obligatory. In temperate climates this demands long 
sludge ages or special nitrification processes, for example the 
three sludge process (Barth, Brenner and Lewis, 1968). 
Incorporation of nitrification in the normal activated sludge 
process requires changes in design and operating procedu~es. 
An illustrative example is the function of the secondary settlmg 
tank. In plants with no nitrification the settling tank serves two 
functions, solids-liquid separation and sludge thickening. To 
obtain high underflow concentrations the recycle ratio is kept 
low; 0,25 to 1,0. Accumulation of sludge mass in the settling 
tank is large and the sludge is retained for an appreciable 
length of time in the settling tank. In plants with nitrification 
sludge retention in the settling tank causes denitrification, con-
sequent flotation of sludge particles and sludge loss over the 
effluent weirs. To counter these effects the practice has de-
veloped of using high recycle ratios of 1: l to 2,5: I. This reduces 
the retention time of the sludge in the settling tank but con-
comitantly reduces the concentration of sludge in the underflow 
so that wasted sludge from the underflow no longer can be dis-
charged directly to the anaerobic digestors. In effect, the func-
tion of the secondary tank is reduced to that of clarification 
only. 
In the cold and warm temperate climates when nitrification 
is essential, the sludge age is necessarily doubled and trebled 
over that required for carbonaceous energy removal only. The 
effluent quality is no longer a factor in design as there is little 
change in the unmetabolized BOD in the effluent for sludge 
ages greater than about 4 days. The causes leading to poor 
liquid-solids separation at short sludge ages are also absent, 
although poor settling due to other causes may now appear at 
long sludge ages. The composition of the sludge changes, the 
inert fraction becomes significant at long sludge ages whereas it 
is negligible at short ages. The total mass of sludge to be re-
tained in the plant is doubled or trebled; this in turn requires 
that the hydraulic retention time (or reactor volume) be in-
creased substantially otherwise the concentration of sludge is so 
great that difficulties are experienced in supplying adequate 
oxygen and mixing and obtaining satisfactory liquid-solids 
separation. 
Although the effects of these factors change gradually with 
increasing sludge age, nitrification requirements have resulted 
in a sudden 'jump' in the sludge age beyond the value for which 
a background of experience is available. Some of the theory and 
empirical rules previously satisfactory, now prove inadequate 
or deficient. This applies particularly to the calculation of the 
sludge mass and oxygen requirements. In fact, the established 
design procedure becomes uncertain and plants may be over-
or under-designed. 
Besides the uncertainty in design procedure and process re-
sponse discussed above, other developments have led to further 
complicating factors in design. 
Barnard (1973; 1975) developed a practical biological denit-
rification process configuration for the activated sludge process 
using influent wastewater as the source of energy for denit-
rification. He subsequently reported that this configuration 
also induces enhanced phosphorus removal. These develop-
ments have opened up new avenues of research and applica-
tion. There is little doubt that the activated sludge process, 
configurations and operation of the future will differ substan-
tially from those of the past. 
Six years ago a program ofresearch into the activated sludge 
process was initiated at the University of Cape Town. Research 
aspects included the kinetics of synthesis, endogenous respira-
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tion, oxygen utlization, sludge accumulation, nitrification and 
aerobic digestion under steady and dynamic state operating 
conditions. Investigations into biological denitrification and 
phosphorus removal were initiated when these processes were 
shown to have practical possibilities. From the commencement 
of the investigations only settled and unsettled sewage were 
used as influents to ~he test units so that the derived parameters 
could be directly useful for design. Throughout the carbonace-
ous waste strength was measured by means of the Chemical 
Oxygen Demand test. 
The outcome of this research is now presented in a series of 
four papers on the .activated sludge process, dealing in turn 
with ( 1) Steady state behaviour, (2) Dynamic state behaviour, 
(3) Biological phosphorus removal and (4) Biological denit-
rification using wastewater as electron donor. 
Objectives of Wastewater Treatment 
Life requires a continuous throughput of (1) mass and (2) 
energy for synthesis and cell maintenance. ( 1) The principal 
mass elements passing through the life system are Hydrogen, 
Oxygen, Carbon, Nitrogen and Phosphorus. (2) Energy is 
principally derived from three sources and these form a conven-
ient criterion to categorise the organisms implicated: 
(a) Radiation - photo synthetic autotrophs 
(b) Organic compounds - heterotrophs 
(c) Inorganic compounds - chemical autotrophs 
In the biosphere the fundamental source of energy is solar radi-
ation. The photo-synthetic autotrophic cells fix a small fraction 
of the solar energy by forming a complex high energy organic 
compound - glucose. Of the mass requirements the elements H 
and 0 are obtained from H20; Carbon (C) from C02 ; Both 
H20 and C02 are readily available whereas the availability of 
Phosphorus (P) and Nitrogen (N) is usually limited. Phos-
phorus does not readily occur in soluble form and nitrogen is 
useful to the organism only in the NH4 and N03 forms. The 
restricted availability of these two elements usually forms the 
limitation on the mass of autotrophic life, a body of water for 
example, can sustain. For this reason Phosphorus and Nitrogen 
are termed eutrophic (life giving) substances. Whereas Phos-
phorus is limited by the mass available or entering a particular 
ecosystem, ammonia can be generated from dissolved molecu-
lar nitrogen by certain micro-organisms. In this respect the 
control of Phosphorus in a body of water takes on a greater 
significance than the control of Nitrogen. 
The glucose synthesized by the autotrophs forms the basic 
source of energy for the heterotrophic cells to synthesize the 
more complex molecules that constitute the cell mass, includ-
ing proteins. Again only a fraction of the energy utilized is con-
verted into cell mass, the balance is lost as heat. In this fashion 
through the sequential chain oflife there is a continuous reduc-
tion of the total organic energy originally fixed by the photo-
synthetic autotrophs. When the organic energy reduces to zero 
heterotrophic life ceases. 
In wastewater microbiology the chemical autotrophs occupy 
a position of special importance. They derive energy from 
saline ammonia and nitrites, to form nitrates. As shown earlier, 
nitrates and saline ammonia are eutrophic substances. 
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From these considerations the objectives of wastewater 
treatment are seen to be twofold: 
( 1) Reduction of organic bound energy to a level where it can 
no longer sustain heterotrophic growth, and 
(2) Reduction of the eutrophic substances, phosphates, am-
monia and nitrates, to levels where the photosynthetic au-
totrophic micro-organisms are limited in their growth, and 
therefore their capacity to fix solar energy as organic 
energy in the body of receiving water is reduced. 
Oxygen Demand Tests 
The process of heterotrophic energy abstraction from a com-
plex carbonaceous molecule consists of splitting the molecule, 
which releases C02 , H+ and energy. The C02 escapes as gas 
but the hydrogen ion remains and must be removed for the 
process to continue. This is achieved by attaching it to hydro-
gen ion acceptor. In aerobic conditions the hydrogen ion accep-
tor is oxygen, to yield water. From the work of Servizi and 
Bogan ( 1963) the energy released is proport.ional to the oxygen 
utilized. In this fashion the potential oxygen demand is a meac 
sure of the energy which can be released for metabolism. By 
using the oxygen as a measuring stick one may, in this indirect 
fashion, measure the progress of carbonaceous energy release in 
the biological system. 
The energy release or equivalent oxygen demand for the 
chemical autotrophs or nitrifying organisms form a separate 
system from that of the heterotrophs. Oxygen is utilized to con-
vert NH;J to N02 to NO; The saline and bound ammonia is 
measured directly by the Total Kjeldahl Nitrogen (TKN) test. 
It is not necessary to measure experimentally the oxygen de-
mand to convert the ammonia to, say', nitrate as the ammonia 
has a known chemical composition so that once its mass is 
known the mass of oxygen necessary for conversion can be cal-
culated. This procedure would also be valid for a carbonaceous 
material if the chemical structure is known, but this unfortu-
nately, is not possible for the infinity of organic products in 
wastewaters. 
There are two tests currently employed to measure the car-
bonaceous energy content of the waste via its oxygen demand, 
the Biochemical Oxygen Demand (BOD) and the Chemical 
Oxygen Demand (COD) tests. Ideally these two tests should 
measure only the energy released in the breakdown of car-
bonaceous compounds and proteins to the ammonia stage. 
The BOD test is.an empirical one performed under strictly 
specified conditions and procedures; any deviation may give 
rise to very uncertain results. In the 5-day BOD (BOD5 ) test 
the sample of wastewater is suitably diluted with well-
oxygenated water and micro-organisms adapted to the waste 
introduced, if necessary. The oxygen concentration is deter-
mined and the sample stored in darkness at 20"C for 5 days. 
The difference in oxygen concentration between the beginning 
and end of the test period gives the 5-day BOD value. In the 
Ultimate Oxygen Demand (UOD) test, the sample is stored for 
about 20 days at 20"C to provide sufficient time for total utiliza-
tion of the biodegradable carbonaceous energy. 
In the BOD5 test biological activity is still continuing at the 
end of5 days. In the UOD test, biological activity has virtually 
ceased at the end of 20 days, but a fraction of the energy origi-
TABLE 1 
EXPERIMENT AL COD/VSS RATIOS 
COD/VSS 96% Conf. No. of 
Sludge ratio interval tests 
Activated sludge 
(Bellville plant) 1,43 ± 0,01 230 
Lab. CMAS Units R, 
:l to 30 days 1,48 ± 0,08 120 
Aerobic digested sludge 
from lab. CMAS units 1,45 ± 0,17 80 
Raw sewage 
(Athlone) 1,45 ± 0,04 180 
Wine distillery 
raw waste 1,43 ± 0,10 13 
nally in the waste remains as unbiodegradable endogenous re-
sidue of the bacteria synthesized from the waste. Both tests 
therefore underestimate the energy (in terms of oxygen) in the 
water in varying proportions. The 20 day test probably gives 
the most stable relative measure of the biodegradable car-
bonaceous energy, but the time element makes the test imprac-
tical for routine use. lfthe UOD/BOD5 ratio remains constant, 
the 5 day value would serve as a satisfactory relative measure. 
However, the ratio varies for the different types of raw wastes, 
and for a particular waste, it varies from one point in the bio-
process to another. 
Low BOD values are obtained if the organisms are not 
adapted to the waste; some heavy metals kill organisms or in-
hibit their action; nitrifying organisms in the test sample may 
multiply and utilize oxygen to convert NH3 to N03 , to give an 
inflated value for the carbonaceous energy, unless nitrification 
is deliberately suppressed by chemical additives. 
The COD test gives a measure of the total energy in terms of 
oxygen by oxidizing the organic waste with an oxidizing agent, 
potassium dichromate. Ammonia is not oxidized so that the 
test value reflects only the energy release due to oxidation of the 
carbonaceous compounds. The test takes two hours. Some or-
ganic compounds derived from industrial sources such as the 
aromatic hydrocarbons and pyridenes are not broken down in 
the test but are utilized by the micro-organisms. In such in-
stances, the COD test is not so reliable. However, normally a 
very high percentage, about 95 per cent, of the carbonaceous 
compounds arc oxidized. 
In terms of the time the organic material is under attack in a 
treatment plant, a fraction of the waste is unbiodegradable, i.e. 
the energy is unavailable for biological metabolism. The COD 
test, howeve_r, oxidizes both the biologically degradable and the 
unbiodegradable materials, hence usually the test overesti-
mates the energy available for biological action. However, this 
does not reduce the utility of the test. [f one makes the reason-
able assumption that the small fraction of organic material in the 
wastewater not oxidized in the COD test, remains constant, 
then any change in COD between two points in the process 
provides an assessment (in terms of oxygen) of the correspond-
ing energy change. 
The change in COD, LlCOD, is utilized to establish the kine-
tics of energy conversion in the process, i.e. the energy removal 
can be directly linked to the COD change without any correc-
tion constants. In contrast, using LlBOD5 values requires a cor-
rection factor as the test values do not reflect the total oxygen 
demand. Consequently the change in BOD5 underestimates the 
energy change. 
A great advantage of the COD test is that it provides a direct 
estimate of the oxygen or energy potential of the volatile solids. 
It was stated earlier that the major fraction of energy required 
for metabolism is obtained by splitting the hydrogen bonds in 
the organic molecule and attaching the hydrogen ion to a hyd-
rogen ion acceptor, usually oxygen. Based on the average 
stoichiometric composition of microbial sludge, (C5H2N02), 
Eckenfelder and Weston ( 1956) calculated the theoretical mass 
of oxygen necessary to oxidize the mass of hydrogen ions per 
unit of organic mass as: 
1 mg VSS ~ 1,42 mg 0 2 ~ 1,42 mg COD (1) 
I.e. 
COD= 1 42 
VSS ' 
(2) 
This theoretical ratio can be expected to be only approxi-
mately correct, as the ratio of hydrogen mass to total molecular 
mass will depend on the structure of the organic material. In 
particular, the influent VSS is likely to give rise to a COD/VSS 
ratio different from that for bacterial mass as the volatile solids 
are derived from many sources. Experimental data by Ecken-
felder and Weston supported their derived theoretical value but 
the data were obtained only on bacterial mass developed from a 
soluble waste. No comprehensive investigations have been re-
ported to establish the validity of this ratio for the volatile solids 
from normal activated sludge treating municipal wa.stes. To 
correct this deficiency, an extensive series of tests on raw sew-
age, activated sludge ML VSS and aerobic digested activated 
sludge were undertaken. The mean values obtained for the 
COD/VSS ratios are listed in Table I. Figure I shows the 
COD/VSS ratios obtained from a series of tests on completely 
mixed laboratory scale activated sludge units over a range of 
sludge ages from 2,5 to 30 days. Evidently the ratio remains 
approximately constant, independent of the sludge age. Taking 
all the data into account, the ratio COD/VSS is very near the 
theoretical value of 1,42 - perhaps slightly higher, 1,46. In the 
absence of more conclusive data, the value of 1, 42 for the ratio 
has been accepted in this paper (Marsden and Goloi, 1973). 
Meoncl,48 
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Figure I 
Relationship ef COD/VSS ratio with sludge age in a completely mixed 
activated sludge plant 
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TABLE2 
COD/BOD RATIO (SETTLED SEWAGE) 
No. of 
Mean Range data 
Smith and Eilers ( 1969) 2,06 1,90-2,27 12 
Boon and Burgess ( 1972) 1,88 1,73-2,23 17 
Dixon et al (1972) 2,04* 1,95-2,16 
*Average of four years operation, 1967-1970 
The equivalence ofVSS and COD (Eq. 2) is of the greatest 
utility when investigating the kinetics of the activated sludge 
process. It allows a balance to be made between the daily 
energy entering the plant and that leaving via the sludge 
wasted, the effluent and as heat, the last named being the daily 
oxygen mass required. 
From data abstracted from the literature and listed in Table 
2, there appears to be an approximate relationship between 
COD and BOD5 , for municipal settled sewage, i.e. 
COD= 2 BOD5 (3) 
Approximately 5 to 10 per cent of the influent COD is un-
biodegradable, i.e. 
COD (bio) = (l,8 to l,9) BOD5 (4) 
The COD/BOD5 ratio changes as the waste passes through 
the plant, usually increasing. The reason for this is that the 
unbiodegradable fraction in the influent remains relatively un-
affected in its passage through the plant, whereas the biode-
gradable fraction decreases. 
Should it be decided to change the energy parameter from 
BOD5 to COD, the approximate relationship between COD 
and BOD5 for settled sewage influent is particularly useful dur-
ing the transition period. The kinetic equations developed in 
terms of COD can be directly modified and written in terms of 
BOD5 (see later). 
Considering the effluent discharged from a plant, the BOD5 
value gives a relative but uncertain measure of the energy still 
available for rapid biological action in the receiving stream. 
Unless the appropriate ratio UOD/BOD5 for the effluent is av-
ailable, the 5-day test value can be only a rough indication of 
the pollution potential of the discharge. The BOD5 test also 
gives no assessment of the unbiodegradable fraction in the 
effluent. The COD test gives an assessment of the sum of the 
biodegradable and unbiodegradable fractions in the effluent 
but these two cannot be separated directly in the test. However, 
if the plant's kinetic behaviour is taken into account, it is possi-
ble to estimate the unbiodegradable and biodegradable frac-
tions in the effluent and influent. 
There is an enormous 'prejudice of previous experience' in 
favour of the BOD5 test. The standardization of the COD test, 
the short time necessary for the test, the relative ease with. 
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which it can be automated and its direct link with the energy in 
the water provide a powerful incentive to replace the BOD5 by 
the COD test in wastewater treatment technology. 
Biological Growth Kinetics 
When an organism is brought into contact with a biodegrad-
able energy (nutrient or substrate) source, the response can be 
described by the following conceptual model: 
(I) The COD is removed from the liquid on to the organism 
mass, that is, storage of energy on the organism wf..~< 
place. 
(2) The stored energy is utilized by the organism to synthesize 
organism mass: a fraction of the energy is incorporated as 
organism mass, the rest is lost as heat. The fraction lost as 
heat is directly proportional to the oxygen utilized. The 
synthesis process is called anabolism. 
(3) Concomitantly with (2) above, but distinct from it, there is 
a loss of live mass to provide energy for cell maintenance, 
called endogenous respiration. Not all the live mass that 
disappears per se is lost as energy, a fraction remains (ap-
proximately 20 per cent) as unbiodegradable organic re-
sidue, called endogenous residue. A mass of oxygen must 
be supplied proportionately to the volatile mass that disap-
pears from the system. This process is called catabolism. 
Processes (I), (2) and (3) constitute the metabolism of the or-
ganism. Such a simplistic model obviously cannot describe 
completely the complex organism metabolism. Its merit is that 
under certain conditions it gives an adequate description of the 
observed behaviour in terms of the energy and volatile mass 
parameters. The separation and simultaneous occurrence of 
synthesis and endogenous mass loss m'.ly be particularly 
difficult to visualize but the separation of these two phenomena 
is perhaps better appreciated by applying the model to the 
human organism. 
Quantitization of the model requires answers to the following 
questions: 
I. At what rate is the energy removed from the liquid? 
2. What fraction of the input energy is incorporated as cell 
mass? 
3. At what rate is the energy incorporated into the cell? 
4. What is the rate ofendogenous mass loss? 
COD removal and COD utilization and yield 
From an extensive series of experiments Porges, Jasewics and 
Hoover (1956) concluded that an appreciable mass of nutrient 
(COD) can be stored on the organism and that the rate of stor-
age can exceed the rate of COD utilization by a factor of up to 
2,6 times. They estimated storage potential up to 50 per cent of 
the mass of organisms measured as COD. 
Monod derived an empirical relationship, relating the con-
centration of nutrient surrounding the organisms with the rate 
of mass growth of the organism (Eq. 8). Gaudy, Obayashi and 
Gaudy (1971) provided experimental evidence that Monod's 
relationship does not appear to be valid for a period after a step 
change in nutrient concentration. The organisms did not re-
spond immediately to the change in nutrient concentration as 
expected from Monad's equation: after a step increase the or-
ganisms continued, for period, to remove nutrient at the old 
rate then gradually the rate increased to a new steady state 
level. They ascribed this behaviour to a need for the organism 
to develop additional nutrient adsorption sites and concluded 
that Monad's rate function is valid only under steady state 
conditions. (From their description of Monad's experimental 
procedure it would appear that his results were obtained from 
near steady state conditions). 
At the University of Cape Town an experimental study was 
undertaken to measure the response of laboratory scale com-
pletely mixed activated plants under daily cyclic square wave 
of wastewater addition and flow. After the commencement of 
the feed period, the COD rapidly disappeared from the liquid 
but the oxygen utilization rate was significantly less than that 
expected from the observed removal rate of COD if synthesis 
was taking place directly. Some storage of the nutrient was tak-
ing place. When the feed terminated the carbonaceous oxygen 
utilization rate continued for some time at the same rate as 
during feed, then gradually decreased, until fairly abruptly the 
rate steadied at that associated with endogenous respiration. 
The behaviour subsequent to feed termination indicated that 
stored nutrient was available to sustain the high rate of synth-
esis oxygen demand. It further indicated that the rate of utiliz-
ation of the stored material was a function of the concentration 
of stored material remaining - as the stored material was de-
pleted a concomitant reduction took place in oxygen utilization 
rate. True endogenous respiration was only evident after the 
stored material was completely metabolized. 
It is not clear in what fashion the behaviour observed by 
Gaudy et al fits the behavioural pattern observed under daily 
cyclic flow. The conditions under which the two investigations 
were done were very different; in the cyclic flow investigation, 
the organism concentration was so high that the nutrient added 
was removed virtually within minutes, whereas Gaudy et al 
utilized a small mass of organisms in a large mass of nutrient, 
so large that the nutrient concentration remained substantially 
constant during a test. As Gaudy et al did not measure the 
oxygen utilization rate, it is not possible to determine from their 
work whether the storage effect was present. The mechanism 
they propose is probably present in transient flow conditions in 
the activated sludge plant. 
Under steady state conditions, Monad's function is not in-
validated by the various phenomena described above. The 
COD utilization rate constant is generally smaller than the 
storage rate constant, so that with a constant COD concentra-
tion surrounding the organism the level of COD storage builds 
up until the rate of COD going into storage is equal to the rate 
of utilization of stored COD. Thus, at steady state, the storage 
phenomena are effectively by-passed and Monad's relationship 
apparently applies. . 
The equations derived below give a quantitative description 
of the basic phenomena in biological reactions. They are all 
based on experimental observation and their validity is in a 
sense only verified for the experimental set-up employed to de-
termine them. In particular Monad's relationship is strictly 
valid only if the value of the surrounding nutrient concentra-
tion, S, remaips constant. In transients ofS, Eqs. (6 and 7) will 
not be valid. In the following paper (Ekama and Marais, 1975), 
which deals with transient phenomena, it will be shown in what 
respect Eqs. (6 and 7) are incomplete. 
For a particular organism population and energy source the 
fraction of energy synthesized into new cell material appears to 
be constant with respect to the energy utilized. The fraction of 
energy converted to cell material (the growth yield coefficient) 
can be expressed in two ways: in terms of volatile mass (VSS), 
or in terms of energy (COD). As these two parameters are re-
lated by Eq .. (2), it is immaterial which one is used, provided 
the units are consistent. In activated sludge theory it is usually 
convenient to express the growth yield coefficient in terms of 
volatile mass: 
Let Xa = concentration of organisms (biological or active 
sludge), (mg VASS/R.) 
S = concentration of biodegradable energy surrounding 
the organism (substrate or nutrient) (mg COD/R.) 
Y = growth yield coefficient, being the mass of or-
ganisms synthesized per unit mass of substrate 
utilized, (mg VASS/mg COD utilized). 
The mass synthesized dXa1' with respect to the mass of 
energy utilized, dS, is given by 
dXa1 = Y dS (5) 
The subscript, 1, designates the active mass synthesized.· 
Writing Eq. (5) in terms of oxygen equivalents, i.e. expressing 
the volatile mass synthesized as COD, then 
dCODxa = dS' = 1,42 y dS (6) 
The energy lost, or oxygen equivalent lost during synthesis 
expressed as COD, (dS"), is equal to the oxygen required, dO 
and is given by the difference between the energy input, dS, 
and the energy actually synthesized into VSS, dS', i.e. 
dO = dS" = dS - dS' 
dS - l,42Y dS 
= (1 - l,42Y)dS (7) 
A graphical representation of the synthesis reaction for a 
value ofY = 0,43 is given in Fig. 2. From Fig. 2if1 mg of COD 
is utilized, 0,43 mg ofVSS will be synthesized (Eq. 5), which is 
equivalent to incorporating 1,42 x 0,43 = 0,61 mg COD as 
synthesized mass (Eq. 6). The oxygen requirement for this 
synthesis will be ·1,0 - 0,61 = 0,39 mg, (Eq. 7). 
Monod, working with pure cultures, determined the rate of 
growth of the organism mass under conditions in which the 
surrounding nutrient concentration, S, remained relatively 
constant in a particular experiment, and for a number of such 
experiments, related the growth rate, µ, to the nutrient con-




µ = µmSl(Ks + S) (9) 
µ = Specific growth rate at concentration S 
µm = maximum specific growth rate for the specific or-
ganism, substrate and culture conditions (mg VSS/ 
mg VSS/d) 
Ks= substrate concentration at which µ = 0,5µ,m(mg 
COD/R.) 
Substituting for dXa1 from Eq. (5), then Eq. (8) can be writ-
ten relating dS/dt to the growth rate - to derive a form widely 
used in activated sludge treatment kinetics (Eq. 12): 
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Figure 2 
Fractional division of energy (as oxygen equivalent) of influent raw sewage in synthesis process 
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Conversely, one can now express Eq. (8) in terms of Km. Sub-
stituting Eq. (5) in Eq. (12): 
dXa1 = y KmS x 
dt K.+ S a 
( 13) 
Equations (12 and 13) are alternative forms ofEqs. ( 10 and 11) 
respectively. 
Two extreme cases can be defined in Eqs. (12 and 13): 
(i) When S is large with respect to K 8 then K. can be neg-




Eqs. ( 15 and 16) find important application in activated sludge 
kinetics. 
Endogenous respiration 
Per unit of time, the nett inass loss due to endogenous respira-
tion is proportional to the biological active mass, hence the rate 






b = specific endogenous respiration rate, (mg VASS/mg 
VASS/d), and the subscript, 2, designates the live mass 
lost in endogenous respiration. 
Only about 80 per cent of the live mass per se that disappears 
is utilized as energy, 20 per cent remains as unbiodegradable 
endogenous residue,. Xe. Let f = the fraction remaining as en-
dogenous residue, then complementary to Eq. ( 17): 
dXa1 = YK''X 
dt a ( 14) dXe = _ dX02f = fbXa 
dt dt 
(18) 
The conditions under which Eq. (14) applies, have little rele-
vance in the activated sludge process, where the objective is to 
reduce the substrate concentration surrounding the organism, 
S, to as low a value as possible. 
(ii) When S is small with respect to K,, then S can be neg-
lected below the line in Eq. (13). Defining Km/K, = K, then 
Eq. (12) reduces to 
_Q§_= KSX (15) 
dt a 
where K has units R/mg VSS/d, and Eq. (13) to 
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Hence the mass that physically disappears from the system is 
given by (I - f) bXa. 
Nett energy released as COD (or oxygen requirements) dur-
ing endogenous mass loss is given by the oxygen equivalent of 
the mass that disappears from the system, i.e. 
dO= I 42 (! - f)bX 
dt ' a 
(20) 
A criticism of the concept of endogenous mass loss is that it 
describes nett behaviour. As a steady state concept this is 
adequate but it may not be so if transient loading conditions 
arc cnco~ntcred. A more elaborate conceptual model will be 
presented in the following paper (Ekama and Marais, 1975) 
where an "actual" endogenous rate will be derived. 
Process Kinetics 
The section above dealt with the kinetics of biological growth. 
As such, the equations arc general within the limitations men-
tioned. In the activated sludge process, the mixing regime in 
the reactor and the sludge return influence the behaviour and 
response of the process - consideration must be given to reactor 
kinetics. 
There arc two extremes of mixing: completely mixed and 
plug flow. 
In the completely mixed regime the influent is instantan-
eously and thoroughly mixed with the reactor contents. Hence 
the effluent fl.ow from the reactor has the same constitution as 
the reactor contents. The reactor effluent flow passes to a settl-
ing tank; the overflow from the tank is the stabilized waste 
stream, the underflow is concentrated mixed liquor and re-
cycled back to the reactor. In the completely mixed system the 
rate of return of the underflow has no effect on the reactor pro-
cess except if an undue sludge build-up occurs in the settling 
tank. The shape of the reactor is approximately square or circu-
lar in plan, and mixing is usually by mechanical aerators. 
Examples are extended aeration plants, aerated lagoons, Dutch 
ditch and completely mixed activated sludge plants. 
In a plug fl.ow regime, the reactor is usually a long channel 
type basin. The influent is introduced at one end of the chan-
nel, flows along the channel axis and is mixed by air sparges set 
along one side of the channel. Each volume clement of liquid 
along the axis is presumed to remain unmixed with the cle-
ments leading and following. Discharge to the settling tank 
takes place at the other end of the channel. To inoculate the 
influent waste flow with organisms the underflow from the settl-
ing tank is returned lo the influent end of the channel. This 
creates an intermediate flow regime, deviation from true plug 
flow conditions depending on the magnitude of the recycled 
underflow. Conventional activated sludge plants are of the in-
termediate flow regime type with recycle ratio varying from 
0,25 to 3 times the influent flow rate. If the recycle rate is raised 
very high, the mixing regime approaches a completely mixed 
condition. 
Intermediate flow regimes arc also achieved by having reac-
tors in series (as in the Huisman Orbol plant), or by stcp-
acration. In the latter, the influent is fed at a series of points 
along the axis of the plug fl.ow type reactor. Both configurations 
require, for inoculation purposes, recycling of the sludge from 
the settler to the influent point. 
When modelling the activated sludge process, simulation of 
an intermediate mixing regime is always possible by replacing 
the real system by a series of two or more completely mixed 
reactors with the appropriate inter reactor flows and feeds. An 
understanding of the kinetic behaviour of the completely mixed 
system therefore, is basic to modelling the process over a range 








Diagrammatic sketch of completely mixed activated sludge process with 
sludge wasting from the reactor 
Completely mixed activated sludge process kinetics 
In the analysis below, although the equations arc derived in a 
form which apparently allows solution of transient conditions, 
the equations are, in fact, deficient for this purpose as storage 
effects arc ignored. In the following paper (Ekama and Marais, 
1975) a more general model will be presented that permits solu-
tion under cyclic varying flows and COD concentrations. 
In deriving the steady state solutions for the completely 
mixed activated sludge system, the development follows that of 
Lawrence and McCarthy (1970). The COD utilization rate re-
lationship is that of Monod simplified to apply at relatively 
long sludge ages (Eqs. 15 and 16). All solids fractions are in 
terms ofVSS. The equation expressing the accumulation of en-
dogenous residue is based on the nett effect observed (Eq. 18). 
The equation for the accumulation of the inert solids, X 1, is due 
to McKinney and Ooten (1969). 
A number of parameters are to be determined: 
( l) Active mass: i.e. the nett live mass as a result of both 
synthesis oflive mass. from COD and loss of live mass due 
to endogenous respiration. 
(2) Endogenous residue mass: approximately 20 per cent of the 
nett live mass that disappears due to endogenous respira-
tion remains as unbiodegradablc volatile organic material. 
(3) Inert mass: the influent may contain unbiodegradable vol-
atile solids. If the sludge age is longer than the hydraulic 
retention time, these solids accumulate in the reactor to a 
value greater than that in the influent. 
(4) Oxygen consumption: oxygen is required for synthesis and 
endogenous respiration during carbonaceous energy utili-
zation, also for oxidation of ammonia. Ammonia oxidation 
will be considered separately at a later stage. 
A diagramatic sketch of the process is given in Fig. 3. This 
sketch differs from that usually presented in that the sludge 
wasted per day is abstracted directly from the reactor; the usual 
practice is that the waste sludge is abstracted from the secon-
dary settler underflow. It will be shown at a later stage that 
sludge wastage via the underflow suffers from certain practical 
disadvantages in process control. System equations incorporat-
ing abstraction from the underflow is set out by Lawrence and 
McCarthy (1970). 
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The sludge age, R., in days, is defined by 
R = • 
mass of sludge in reactor 
mass of sludge wasted per day 
(days) (21) 
By abstracting the sludge directly from the reactor, the 
wasted liquor and reactor liquor concentrations are the same. 
If a sludge age of, say, 10 days is required, one tenth of the · 
volume of the reactor must be wasted every day. This can be 
achieved by a constant draw off at flow rate, q, per day where 
q.l = v, the volume to be wasted, hence 
R =XV= XV= _y 
s Xv Xq q 
(22) 
Three mass balances are now made on ( 1) active volatile 
solids, Xai (2) endogenous residue solids, Xe, and (3) substrate, 
s. 
Balance on X a: change· in the mass of active volatile solids in the 
reactor is due to (a) sludge synthesis, Eq. (16), (b) endogenous 
mass loss, Eq. (17) and (c) sludge abstraction. 
VdXa = (YKSXa)Vdt - (bXa)Vdt - qXadt (23) 
Balance on S: change is due to (a) sludge synthesis, Eq. (15), (b) 
influent flow and ( c) effluent and sludge abstraction flows. 
VdS = - (KSXa)Vdt + S;Qdt - Sqdt - S(Q- q)dt 
= - (KSXa)Vdt + S1Qdt - SQdt (24) 
Balance on Xe: change is due to (a) endogenous mass generation, 
Eq. (18) and (b) sludge abstraction 
VdX. = 0,2 bXaVdt - qX.dt (25) 
At steady state 
(26) 
In Eqs. (23 to 25) divide by Vdt and equate to zero. Note 
also that V /q = R8 and V /Q = R: Eqs. (23 to 25) become 
respectively 
Y(S,S) R, 
1 + bR, R 
Oxygen requirements 
(33) 
Oxygen demand is due to (1) synthesis, Eq. (7) and (2) en-
dogenous respiration, Eq. (20) 
VdO = (1 - l,42Y)QdSdt + l,42.0,8bXaVdt (mg/d) (34) 
At steady state dS = (S1- S). Divide by V and note that V /Q 
= R: 
dO/day (per R. reactor volume) = (I - I,42Y) (S1 - S)/R+ 
I ,42.0,8bXa (35) 
Equations (30, and 32 to 35) form the basis for the d~sign of 
activated sludge plants. . 
Mass parameters 
Equation (33) contains, R, which firstly is unknown, and sec-
ondly its presence tends to imply that this parameter consti-
tutes a basio parameter in the theory. Greater insight into the 
process behaviour is obtained by considering the masses ofXa, 
Xe, Si, Sand 0. 
Let the parameter MXa = VXa 
MXe = VX. 
MLlS = Q(S; - S) and so on. 






MX = 0 2bR MX = 0,2(YR,) (bR,) MLlS 
e ' s a 1 + bR, (mg) (37) 
MO/da)'. = ( 1 - l ,42Y) M.6.S + 0,8.1,42 bMXa (mg/d) (38) 
YKSXa - Xa!R, - bXa = 0 
-KSXa + S1/R - SIR = 0 
0,2bXa - X.IR, = 0 
(27) Total volatile solids mass, MX., is given by 
(28) MXv = Mxa + MX. (39) 
(29) The volume of the reactor is determined from the value spec-
Solving for S, from Eq. (27) 
S = 1 + bR. 
YKR, 
(30) 
This equation determines the effluent quality. Note that S is 
independent of R and Si, being a function only of the sludge 
age, R,. 
Solving for S, from Eq. (28) 
S = S1 
1 + KRXa 
Solving for Xe, from Eq. (29) 
Xe = 0,2 bXaRs 
(31) 
(32) 
Equation ( 31) contains both Xa and S. It can be transformed 
to contain Xa only by cross multiplying and substituting for S 
from Eq. (30), and reducing 
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ified for the ML VSS concentration in the reactor, Xv, i.e. 
V = MX.IXv (40) 
and the hydraulic retention time R is determined from the flow 
per day 
R= V/Q (41) 
We arrive at the following important conclusions: 
The mass of volatile solids in the reactor is a function only of 
the mass of COD utilized per day and the sludge age. Con-
sequently, in so far as the mass of sludge is affected, it is 
immaterial whether the mass of COD utilized arises from a 
low daily flow with a high COD concentration or a high daily 
flow with a low COD concentration. Provided Q(S1-S) is the 
same in both instances, the masses of sludge will be identical, 
if the sludge ages are identical. Furthermore, if the concen-
trations of sludge in the two reactors are specified to be the 
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Relationship between the masses of sludge fractions and daily oxygen de-
mand with sludge age in reactor for one mg of COD utili:r_ed per day 
hydraulic retention times will differ, being iong in the first 
and short in the second instances respectively. The hydraulic 
retention time, therefore, is incidental on the COD mass 
utilized, the ML VSS and the daily flow - it serves no basic 
kinetic function. 
Steady state design charts 
Plots of Eqs. (36 to 39) are shown in Fig. 4 for MLl.S = 1 mg 
COD, Y = 0,43 mg VASS/mg COD removed and b = 0,24 mg 
VASS/mg V ASS/d. The plots in effect give the masses of Xa 
and Xe that must be contained in the reactor for unit COD 
utilized per day for sludge ages up to 30 days. Also shown is the 
associated mass of oxygen to be supplied per day. The volumes 
of the reactors between different sludge ages will be in direct 
proportion to the masses MXv if the mixed liquor concentra-
tions, Xv, are specified to be the same. 
The sequence of design will be: Determine (1) S from Eq. 
n 
(30), (2) (S; - S), (3) MLl.S/day from ~Qn (S; - S)ndt over the 
1 
day, (4)MXa, MXe and MO/d from Eqs. (36), (37) and (38) 
respectively, and (5) MXv from Eq. (39), (6) specify Xv and 
determine V from Eq. (40) and finally (7) determine R from 
Eq. (41). 
Under normal conditions, a plant receives a daily cyclic vary-
ing flow and COD concentrations, i.e. a daily cyclic COD 
mass load. The steady state equations are strictly no longer 
valid. However, S (Eq. 30) shows small daily variation, simi-
larly MXa and MXe at sludge ages greater than about 5 days. 
Accepting these approximations, it is allowable to use Eqs. (36) 
to (38). To use these equations MS; for the day is calculated 
from a plot ofS1Q over the day and hence MLl.S is estimated by 
assuming a constant value for Sin (S;- S). The oxygen demand 
will show marked daily cyclic variation. The reason for this is 
that synthesis takes place very rapidly so that as the influent 
COD mass varies, concomitantly the mass oxygen demand for 
synthesis will vary. In contrast, the oxygen demand for en-
dogenous respiration remains virtually constant over the day 
because the variation of MXa over the day is negligibly small. 
If the maximum equivalent COD load per day at any time dur-
ing the day is x times the average, the corresponding maximum 
carbonaceous oxygen demand is approximated by 
MO/day (max) = x(l - l,42Y)MLl.S + 0,8.1,42 bMXa (42) 
This procedure will usually significantly overestimate the 
carbonaceous oxygen demand and constitutes a very conserva-
tive estimation procedure for design. The reason for this is that 
the storage of COD on the organism (which precedes COD 
metabolism) has been neglected. This attenuates the peak oxy-
gen demand to a considerable degree. Incorporation of the 
storage effect during cyclic load conditions is considered in the 
following paper. 
COD fractions 
Experimentally the proportion of COD in the liquid and par-
ticulate phases of an unsettled municipal sewage is approxi-
mately in the proportion of 40:60 (see Fig. 5). The primary 
settling tank removes only a fraction of the particulate phase so 
that even in settled sewage the major portion of COD is still in 
the particulate phase, in a relatively stable emulsified form. 
Consequently from a biodegradability point of view settled 
sewage does not differ appreciably from unsettled sewage; 
characterization based on this division is unproductive. 
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Figure 5 
Relationship between soluble and total COD in raw sewage influent from 
Strandfontein sewer, Cape Town 
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A useful division is separation into biodegradable and un-
biodegradable fractions. Both these fractions contain soluble 
and particulate COD. Insofar as the biodegradable COD is 
concerned, no distinction is made between the particulate and 
soluble COD, as both are apparently equally amenable to 
biological degradation. However, in the unbiodegradable frac-
tion, the soluble and the particulate COD must be kept sepa-
rate, as the former is discharged with the effluent whereas the 
latter accumulates in the sludge mass and is discharged during 
daily sludge wastage. 
Define the influent COD fractions as follows: 
S0 = Total COD 
S; = Biodegradable COD 
Su = Unbiodegradable soluble COD 
Sxu = Unbiodegrad.able particulate COD 
Then: 






It is convenient to express Su and Sx11 empirically in terms of 
s •. 
Unsettled Sewage 
Su = {0,05 to 0,07) S0 
Sxii = (0,09 to 0,13) S0 
Settled Sewage 
Su = (0,06 to 0, 12) S0 





These values are based on data from laboratory scale ar:ti-
vated sludge plants treating effluents from four different munic-
ipal sources. The variability of wastewaters is such that it is 
difficult to give smaller ranges. Generally the fraction Su tends 
to increase if industrial wastes are present in the influent. 
The unbiodegradable influent solids, Xjj, are found from Sx11 
as follows . 
EfHuent COD is given by 
Set= S + Su 
and if volatile solids Xet are present in the efHuent 
Set= S + Su+ l,42Xe/ 
(53) 
(54) 
In design the following sequence of calculation is suggested: 
Determine (I) Sxii (Eq. 45 or 47), Su (Eq. 44 or 46), X 11 (Eq. 
48), (2) S1 (Eq. 43), (3) S (Eq. 30), (4) M..6.S, (5) MXa. MXe 
and MX1 {Eqs. 33, 32 and 50) respectively, hence MXv (Eq. 
52), (6) MOid (Eq. 38), (7) V (Eq. 40), (8) R (Eq. 41) and (9) 
Set (Eq. 53 or 54). 
Functional inter-relationships 
A number of equivalent forms are listed below, also some func-
tional inter-relationships at present still used in design. 
MX = YR8.MLl.S 
a 1 + bRs (55a) 
X 
YR8.MLl.S.0,2 bR8 M e = 0,2 bR8Xa = -------1 + bRs (55b) 
Mx Mx . MX YR8.M..6.S v = a + e = bR . ( 1 + 0,20 bR8 ) 
1 + • 
(55c) 
Active fraction= MXa!MXv = 1/(1 + 0,2 bR.) (55d) 
Substrate Utilization Rate (SUR) = Load Factor = 




1 + bRs 
{l + 0,2 bRs) YR. 










Accumulation of X1 in the reactor is found from a mass ba- = Y ( 1 + 0,2 bR.) 
lance (see Fig. 3) 1 + bRs 
VdX; = X11Qdt - X1qdt. = 1/(SUR.R.) 
= sludge wasted/day/unit COD utilized/day 
Dividing by V, equating to zero for steady state and noting Mass oxygen/day 
that 
V/q= R8 andV/Q= R 
X1 = X11 R8/R and 
MX1 = MX11R, 
The total volatile solids is now given by 
Xv = Xa + Xe + X1 






= MLl.S (1 - l,42Y) + 0,8.1,42 bMXa 
[ bYRs ] M..6.S (1 - l,42Y) + 0,8.1,42 (l + bR,) 
M..6.S [1 - 1 42Y (l + 0,2 bRs)] 
' (1 + bR8) 
= MLl.S - 1,42 MXvlR. 









Once the biodegradable COD, S1, is known the equations 
developed earlier are valid and S, Xa, Xe and 0 can be calcu-
lated. 
All these equations exhibit one feature in common that, the 
various parameters are all functions of the sludge age, which 
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· illustrates the basic nature of this parameter in the process. In 
fact, once MLl.S and R, are specified all the other parameters 
can be determined directly. Equations (58b and c) express the 
oxygen demand as the sum of the synthesis and endogenous 
respiration requirements, whereas Eqs. (58 d, e, f) express the 
demand as COD utilized less the COD equivalent of the sludge 
wasted per day (see Fig. 4). The second method of expression is 
not as informative as the first. 
Equations (55 a, band 58 b, c, d) are general provided Ll.S 
= Si - S is used. Equations (58 e, f) apply correctly only for (S; 
- S) and settl;ed sewage, i.e. where inert volatile solids are not 
present in the influent. If Xii is present in the influent Ll.S = (S0 
- S) as S0 includes Sx;; and MXv = MXa + MXe + MX;. The 
form (S; - S) applies only if Xv= Xa + Xe. For this reason it is 
recommended that Eqs. (58 a, b, c, d) only be used. 
Nutrient requirements for biological synthesis 
All biological matter contains fractions of nitrogen and phos-
phorus. In biological material usually present in the activated 
sludge process, the fraction nitrogen as N with respect to VSS 
ranges between 9 and 12 per cent, average of about 10 per cent. 
Let 
fn = fraction of nitrogen .as N in Xa. Xe and X; 
then 
fn = 0, 1 mg N/mg VSS. 
Similarly the fraction of phosphorus as P with respect to VSS 
ranges from 2 to 4 per cent, average about 2,5 per cent. Let 
fp = fraction of phosphorus as P in Xa, Xe and Xi 
then 
fp = 0,025 mg P/mg VSS 
From Eq. (52), the mass ofVSS is given by 
MXv = MXa + MXe + MX; 
Sludge wasted per day is MX./R,, and a fraction offn of this 
is nitrogen as N. The nitrogen requirement for the process, i.e. 
the minimum mass of nitrogen as N in the influent fed per day 
for the process to operate correctly, is equal to the mass of N 
wasted in the sludge. 
Let Ll.N = concentration ofN (mg N/R) in the influent which 
is incorporated in the sludge mass, then 
Mass of N removed from influent = mass wasted in sludge 
Qll.N = fn MXv!R, 
f. [ Y(Si-S)R, (1+02hR) + x .. RJ Q 
n 1 + bRs . ' s " . R, 
I.e. 
mgN/mgVSS = 0,10 
mg Pl mgVSS • 0,025 
PHOSPHEROUS 
O'--~~L-~....1~~.....1.~~ ........ ~~_.~__, 
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SLUDGE AGE (days) 
Figure 6 
Nutrient requirements per mg of COD utilized per day versus sludge age in 
the activated sludge process 
It is customary to express nutrient requirements in the form 
COD : N: P = JOO : x: y. In Eqs. (59 and 60) substituting 
COD= 100, Y = 0,43, b = 0,24 Xii= 0, fn = 0,1 and fp = 
0,025 then Ll.N and Ll.P can be plotted versus R,, (Fig. 6). It is 
evident that as the sludge age increases the nutrient require-
ments decrease because the net sludge production decreases. 
This has led to the well known adage "one can always substi-
tute sludge age for nutrient requirements". 
Aerobic Digestion 
Sludge entering an aerobic digestor can be characterized by 
division into two fractions: (I) inert and (2) active fractions. 
Both of these can be measured in terms of either the volatile 
settleable solids (VSS) or total settleable solids (TSS). During 
digestion one may assume that the inert mass in the influent to 
the digestor remains unaffected; the active mass reduces by en-
dogenous respir.ation and gives rise to two ancillary effects: ( 1) 
generation of unbiodegradable settleable solids (endogenous 
residue) of about 20 per cent of the active mass that disappears 
and (2) oxygen demand for endogenous respiration. 
The problems facing the designer are: (I) what are the active 
and inert masses in the digestor influent? (2) At what rate does 
the active mass disappear? (3) What is the oxygen demand 
rate? The answer to these questions is expedited by establishing 
a model of the behaviour of the digesting materials. Assume 
that: 
I. Inert solid material in the influent is unaffected by digestion. 
2. Active volatile mass degrades according to Eq. (17). 
3. A fraction, f, of the active mass which disappears, remains 
as unbiodegradable solid material, according to Eq. (18). 
Y(S; - S) I 
Ll.N(mg/R) = fn I + bR,, ( + 0,2 bRs) + fn X;i (59) The mass of sludge is defined by the VSS instead of the TSS. 
Similarly the minimum phosphorus concentration necessary 
in the influent is given by 
(60) 
Both can be used if VSS/TSS remains constant but often the 
ratio changes, particularly if nitrification occurs. 
Let 
Xa = active solids concentration (mg/R) 
X; = inert solids concentration (mg/R) 
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Xe = endogenous residue solids concentration (mg/.l!) 
Xv = total solids concentration (mg/.l!) = Xa + X1 + Xe 
i,t = further subscripts referring to influent and time respec-
tively 
f = fraction 6.Xe/6.Xa. usually 0,2 
b = nett specific endogenous respiration rate (mg 
VASS/mg V ASS/d). 
Batch Digestion 
Generally 
Xv1 = X 0 1 + Xe1 + Xu (61) 
Only X0 and Xe are affected by digestion, X1 remains constant 
and equal to Xu. 
Active mass, Xa 
(62) 
which has the solution 
(63) 
Endogenous mass, Xe 
Every_ unit of X0 that disappears generates f units of Xe, i.e. 
Xet = f(Xal - Xa1) 
From Eq. (63): 
(64) 
Substituting for X 01 and Xe,, from Eqs. (63 and 64) in Eq. (61) 
and reducing 
Xvt = (1 - f)Xa1e-bl + fX01 + X1 
i.e. 
Xv1 - X1 - fX01 = (1 - f)X0ie-11t 























x 8 .... II 
II .... u 
15 20 25 
DIGESTION TIME (days) 
Figure 7 
Relationships between the various fractions of volatile solids versus sludge 
age in aerobic batch digestion of MLVSS 
Determination of h using volatile solids 
30 
The inter-relationships expressed by Eq. (67) provides an ex-
perimental procedure to determine X01 and b: In a batch test, a 
series ofXv1 values are obtained over a period of time from, say, 
t = 0 to t = 30 days. A value for C is estimated and subtracted 
from Xvi and the balance plotted log (Xvt - C) versus time t. If 
C is too large, the plot curves downwards, if too small it curves 
horizontally. Eventually when the best straight line is obtained, 
the slope is given by 
b = 
2 3
log10(Xv11 - C) - log10 (Xvtl - C) 
, ti - ~ (70) 
Xv1 ... = X1 + fXa1 = C (66) and X 01 and Xu obtained from Eqs. (68) and (69) respectively. 
where C is a constant value. Substituting for (X1 + fX01) from 
Eq. (66) in Eq. (65) 
(Xvi - C) = I, = (I - f)X01e- bt (67) 
Equation (67) implies that if some constant concentration, 
C, is subtracted from each value of Xv,, the balance I is a func-
tion solely ofX and t. The inter-relationships between the vari-
ables are shown in Fig. 7 for b = 0,24 and f = 0,2. 
Being an exponential expression Eq. (67) plots linearly when 
log 11 plotted versus t (on semi-log paper). The slope defines b 
and the intercept on the I axis, 10 , gives a measure of the active 
mass: 
I0 = (1 - f)X01 
hence 
Xa1 = IJ(l - f) (68) 
Knowing X 01, the value ofX11 is determined from the condi-
tion at time t = 0, i.e. 
The inter-relationships between the various variables are 
shown in Fig. 7. 
This method gives rise to a very unreliable estimation of b 
due to the difficulty of measuring Xv reasonably accurately. 
Determination of h using oxygen utilization rates 
An alternative procedure to determine b can be developed by 
measuring the rate of oxygen utilization (dO/dt). Now, 
dO/dt = 1,42 (1 - f) bX01 (71) 
but Xa1 = X01e- b~ therefore 
dO/dt = 1,42 (1 - f) bX01e-b1 (72) 
Taking logs of Eq. (72) 
log (dO/dt) = log (1,42(1 - ObX01) - bt log10e (73) 
which is of the form 
(69) y = a + b' t (74) 
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Hence, plotting log (dOldt) versus time, the slope equals -b' 
and b = 2,3b. The intercept on the dOldt axis, at t = 0 gives: 
(dOldt)1 = 1,42 (1 - f) bXai (75) 
endogenous respiration. One mg of NH3-N requires 4,6 mg 
oxygen, and each mg of Xa contains 0, 1 mg NH3-N, i.e. 
MOnld = 4,6.0,1.(1 - f)b MXa (88) 
Having determined b from the slope and reading off Hence total oxygen demand, MOrld, 
(dOldt) 1, one may solve for Xai· MOrld = (1,42 + 0,1.4,6) (1 - f)b MXa (88) 
(89) This procedure assumes no nitrification. If there is nitrifica-
tion Eq. (72) must be augmented by adding the term 0,1.4,6 (1 
- f) bXaie- bt to give 
dOldt = (1,42 + 0,1.4,6) (1-f) bXaie-bt (76) 
It is clear that estimation ofb is not affected by nitrification 
but the estimation ofXa; will be. However, care must be taken 
that during the experiment the pH does not drop below 6 as 
this may completely stop nitrification. 
Completely mixed reactor - single reactor 
Usually aerobic digestors are of the fl.ow through completely 
mixed type, i.e. R = R,. Doing mass balances over the reactor 
for active endogenous and inert masses gives 
Active mass 
i.e. 
dXaldt = dXa;IR - XalR - bXa 
At steady state dXaldt = 0 and 
X=~ 
a 1 + br 
Endogenous residue 
VdX.ldt = fbXaV - XeQ 





= 1,50 b MXa 
Note that the nitrification demand is about 24 per cent of the 
total demand. 
Completely mixed reactors in series 
Assume the reactors have the same retention times. If the re-
tention times differ the appropriate equations can be written 
down immediately from the development below. Consider two 
digestors in series, designated 1 and 2. 
Active mass 
X - Xai 
at -1 + bR 
Xai Xai xa2 =--- = 
1 + bR ( 1 + bR)2 
Endogenous residue 
Xe1 = fbRXai 
= (Xai - Xa1)f 
X12 = fbRXa2 + Xe1 
(Xa1 - Xa2)f + (Xa1 - Xa1)f 
(Xa; - Xa2)f 







x. = f bXaR = f(Xai - Xa) 
Inert mass 
(81) Xv1 = Xai + Xe1 + Xii 
x~ = xa2 + X12 + X11 
(96) 
(97) 
at steady state for a fl.ow through reactor 
Xi= X11 
i.e. the inert inftµent material remains unchanged. 
Total inert mass in efjluent, Xi, 
(82) 
(83) 
The total inert mass in the effluent from the digestor, :X.ifwill be 
Total volatile mass in efjluent, X vt 




Oxygen is required for oxidation of the carbonaceous material, 
MOid, plus nitrification, MOn/d. From Eq. (38), with Mll.S = 
0 MOid = 1,42 (I - f) b MXa (86) 
Nitrification oxygen demand if found by assuming complete 
nitrification of the TKN released back into the liquid during 
Design charts 
Once Xai to the digestor is known, either from a theoretical 
calculation using the kinetic equations for the activated sludge 
process, or, from a batch experiment using oxygen utilization 
rates, a decision has to be made as to what level the Xa1 must be 
reduced. Reduction by single and series digestion can be read-
ily compared by plotting Eqs. (90 and 91) with log (Xai and 
Xa2) versus total retention time i.e. Rand 2R respectively. Fig. 
8 shows plots giving the percentage reductions possible for b = 
0,24, f = 0,2. 
The plots for Fig. 8 show some interesting relationships. If, 
for example, a straight line is drawn from the origin through 
the curve depicting the single digestor at R = 7,5 days, it inter-
sects the two digestor curves at 15 days. The first intersection 
gives the percentage of Xa; remaining after 7,5 days digestion 
(35,7 per cent), the second the percentage of Xai remaining 
after 15 days digestion, i.e. (7 ,5 + 7 ,5) days in the two digestors 
in series (12,6 per cent). This last value is to be compared with 
the percentage remaining after digestion in a single digestor for 
15 days retention time (21, 7 per cent). By using two digestors 
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Reduction of active volatile mass in single and two stage flow through 










natant from the digestor must be treated with Ca(OHh to pre-
cipitate the P. 
The nitrate can be removed by incorporating a dentrification 
anoxic reactor in the digestor system (See Appendix B). 
Temperature Effects 
There appears to be a general acceptance that the yield con-
stant Y is unaffected by temperature although no conclusive 
supporting experimental evidence could be found in the litera-
ture. The endogenous respiration constant and the substrate 
utilization constant K are temperature dependent, and often 
are taken to be temperature dependent to the same degree. It is 
difficult to identify the "best" values for the temperature de-
pendency as past research did not formulate the dependency in 
terms of the active endogenous fraction in the sludge. 
The usual form for the temperature dependency is the sim-
plified Arrhenius equation, for example for the endogenous rate 
constant, b, 
where br = value at T°C 
bio = value at 20"C 
8 = constant 
T = temperature in deg. C. 
(99) 
Experimental data for b, reported later in this paper, gives br 
= 0,24 (1,029)T"'2° (100) 
This value for 8 is accepted also for K, i.e. 
in series each with 7,5 days retention the active material from Kr= 0,07 (I,029)M0 (IOI) 
the series will be half that from a single digestor with 15 days 
retention. To obtain 12,6 per cent remaining from a single di-
gestor will require a retention time of approximately 28,6 days. 
The increase in the N03-N concentration in the effluent 
from a digestor is given by 
L'.(N03-N) = (Xa1 - Xa1) (1 - f)fn (mg/R) 
where (I - f) = 0,8 and fn = 0,1. 
(98) 
Assume a sludge age of IO days in the activated sludge plant, 
then for b = 0,24 from Eq. (55d) Xa!Xv = 0,68. If the wasted 
sludge is concentrated to say 3 per cent Xai = 0,68*30 000 = 
20270 mg/R. Assuming 15 days retention in a single digestor, 
from Eq. (90), Xa = 4400 and the nitrate in the effluent, from 
Eq. (98), L'.(N03-N)a = 1270 mg/R. For every molecule ofN03 
formed a molecule of H + is generated i.e. 1 270/ 14 = 91 mil-
limoles/R of hydrogen ions are formed, i.e. an acidity of91 X 50 
= 4 550 mg/R as CaC03 is generated and must be neutralized 
by at least 4 550 mg/R of Ca(OHh as CaC03. Otherwise the 
pH will drop to very low values and stop nitrification. 
The phosphorus released by the digestor will be· 
L'.(P04 - P) = (Xai - XaJ) (1 - f) f,, 
where f,, = 0,025. In the example above L'.(P04 - P) = 
320 mg/R. If the sludge contains an augmented concentration 
of phosphorus due to enhanced biological removal of P then the 
L'.(P04 - P) value could be up to ten times higher. The super-
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Nitrification 
Nitrification is the biological process whereby nitrogen present 
as free and saline ammonia is converted into nitrites and nit-
rates. The nitrogen content of wastewater is expressed in terms 
of N, the nitrogen atom. Thus, ammonia as nitrogen, written 
(NH3-N) = 30 mg/R implies an ammonia concentration con-
taining 30 mg/R of N. 
There are two principal forms of ammoniacal nitrogen (1) 
free and saline ammonia present in NH3 (dissolved) and NH! 
(ionic) forms the fractional division of the two forms being a 
function only of the pH. (2) Organic bound ammonia in which 
the NH! radical is bound to a carbonaceous molecule to form a 
proteinaceous substance. 
The free and saline ammonia is measured by a test of this 
name. The Total Kjeldhal Nitrogen (TKN) test measures both 
the free and saline and organic bound ammonia so that the 
organic bound ammonia is found from the difference of these 
two test values. All experimental nitrogen values in this inves-
tigation were determined by the TKN test. This procedure was 
followed as there is continuous conversion in the process from 
the bound ammonia to the free and saline form and it was pref-
erable to link the NH3 form to the TKN rather than to deal 
with the NH3 form independently. 
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Monod's relationship for nitrification at 2(f'C 
Nitrification stoichiometry 
Nitrification occurs in two steps: 
I. NH3 ~ N02 (Nitrosomonas) 
2. N02 ~ N03 (Nitrobacter) 
The stoichiometric reactions are: 
2NH! + 30z ~ 2NO;- + 2H20 + 4H+ 
2NO:; + 0 2 ~ 2N03 



































From Eq. (104) 4 moles of02 are required to convert 2 moles 
ofNH3 to N03 
i.e. 
I (NH3-N) mole requires 2 moles 0 2 
I.e. 
1.14 mg N requires 2.32 mg 02 
I.e. 
I (NH3-N) mg/R requires 2.32/14 = 4,6 mg/R 0 2 
1.e. 
4,6 mg/R 0 2 is required for nitrification of I mg/R (NH3-N). 
In the nitrification process the nitrosomonas is the slowest 
reacting organism. Consequently it is not common to have N02 
in the effiuent as the nitrobactor will rapidly convert the N02 
to N03. 
Basic nitrification kinetics 
In conformity with Eq. ( 10) one can write 
dXn = X = (J!'nm ~) X 
dt µ, n Kn+ N n 
where Xn = concentration of nitrosomonas (mg/R) 
µ, = growth rate of nitrosomonas (mg/mg/d) 
µ,nm = maximum growth rate (mg/mg/d) 
(105) 
Kn = concentration of (NH3-N) when µ, = ~ µ,nm 
N = concentration of (NH3-N) 
According to Downing et al (1964) the endogenous respira-
tion rate, bn, is so small that it can be neglected. They give the 
following values for µ,nm = 0,33/d and, Kn = 1,0 mg 
(NH3-N)/R at 20"C. In Fig. 9 the relationship betweenµ, and N 
is depicted. It is evident that the values of µ,nm and Kn are such 
that for N> 2 mg/R, µ, is practically equal to µ,nm· Consequently 
nitrification takes place at maximum rate at all concentrations 
of N greater than about 2 mg/R and rapidly falls off if N is 
below this value. 
Minimum process sludge age, Rsm 
Referring to Fig. 3 doing a mass balance on Xn, neglecting en-
dogenous respiration 
V dXn = ( µ,nmN ) X V _ X 
dt Kn+ N Zn nq 
(106) 
At steady state dXn/dt = 0 and noting that V /q = R, 
R., 
(107) 
A plot ofEq. (107), N versus R, is shown in Fig. JO for µ,m = 
0,33 and Kn= I mg(NH3-N)/R. As R, is reduced N increases 
until it equals the influent (NH3-N) concentration, N;. Any 
further reduction of R, will cause nitrification to cease, i.e. the 
nitrifiying organisms are washed out. Substituting N = N1 in 
Eq. (107) gives the minimum sludge age R,m, necessary for nit-
rification. For all values ofN; greater than about 5 mg/R, Kn is 
negligible with respect to N; and can be neglected i.e. 
R.m 
or 
R =-I-sm (108) µ,nm 
-:::::: 
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Relationship between sludge age.for nitrification and influent (NH3-N) 
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Hence if N; > 5 mg/R. the value of Rsm is virtually indepen-
dent of N;, i.e. Rsm is constant. As it is unlikely that N; > 
5 mg/R. in the usual sewage influcnts, Rsm will be constant at a 
particular temperature. In this fashion one can speak of a 
minimum sludge age for nitrification. 
Factors influencing µm and Kn 
The following factors influence the growth rate and minimum 
sludge age requirements of the nitrosomonas. 
I. Temperature. 
2. pH. 
3. Toxic substances. 
4. Oxygen concentration. 
1. Temperature 
The maximum growth rate, µnm' is significantly affected by 
temperature. From Downing et al ( 1964) the effect of tempera-
ture can be described by 
µnmT = µmrO.O 9(T-20) 
= 0,33 (l,J23)T-2o d-1 
(109) 
(110) 
As Rsm = !/µnm, the minimum sludge age, RsmT, at tempera-
ture T'C is 
RsmT = 3,0( 1, 123)20-T days ( 111) 
Thus for every 6 deg C drop in temperature the minimum 
sludge age is doubled. 
Equation ( 111) was established for domestic wastcwaters 
containing negligible inhibitory substances, in the temperature 
range 5 to 25°C and for pH values of the MLSS ranging from 
7,2 to 8. 
2. pH 
Downing et al ( 1964) found that µnm decreases with pH below 
7,2 but remained approximately constant in the range pH 7,2 
to 8,0. They proposed the following relationship: 
µnmpH = ( l - 0,83) ( 7 ,2 - pH) µnm (112) 
where J.LnmpH = maximum growth rate at the particular pH 
µnm= maximum growth rate at pH 7,2. 
Equation (112) has a restricted range of validity pH 6,0 to 7,2. 
Wastcwatcrs having a low buffering capacity, due to low al-
kalinity, are often encountered where the municipal supply is 
drawn from areas underlain with sandstone. Nitrification re-
duces the pH to values often as low as 4 (sec Fig. 11). Under 
such conditions it is difficult to describe the kinetics of the nit-
rification process, for as the sludge age increases sufficiently to 
bring about nitrification, the drop in pH increases the 
minimum sludge age, i.e., there is a complex interaction of the 
pH, the nitrification rate and minimum sludge age. An exam-
ple of the effect of pH on nitrification in a completely mixed 
activated sludge plant treating a low buffered effluent from 
Somerset West, South Africa, is shown in Fig. 11 (Somerset 
West is a small non-industrial town). The TKN in the effluent 
did not drop below 10 mg/R.. Both µnm and Kn appeared to be 
affected and the kinetic behaviour is approximately described 
by µnm = 0,2 and Kn = 4,5 in Eq. ( 107). These constants arc 
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Relationship between TKN, NOa-N and pH with sludge age in an acti-
vated sludge plant treating weakly buffered influent from Somerset West 
suspect as the pH changes with the sludge age; in effect a 
sludge age of approximately 8-10 days was necessary to obtain 
complete nitrification at 2D°C i.e. three times the minimum ac-
cording to Eq. (111). Subsequently, when the same wastewater 
was used in a Barnard type nitrification - dentrification process 
the pH remained at about 7 and nitrification was more com-
plete, the TKN concentration dropping to 4--5 mg/R.. Nitrifica-
tion inhibition was therefore, due to the low buffering capacity 
of the wastewater and not to toxic inhibition. The favourable 
influence of dentrification in maintaining the pH near 7 makes 
a nitrification - dentrification system virtually mandatory for 
activated sludge treating wastewaters with low alkalinities. 
3. Toxic substances 
Toxic substances can seriously inhibit the growth of nit-
rosomonas. Toxic substances usually believed to affect nit-
rification are the heavy metals chrome, lead and mercury. In 
Birmingham, where the wastewater contains a high proportion 
of industrial wastes from the metal finishing industries, µnm 
was found to be less than half the value given by Downing 
Uenkins et al, 1967). It is difficult to pinpoint what substances 
influence nitrification. The effect of heavy metals is certainly 
not as severe as is often implied, but other chemicals of an or-
ganic nature can completely inhibit nitrification. The problem 
needs further investigation. It should be noted that despite the 
heavy metal content of Birmingham sewage nitrification was 
only slowed down, requiring longer sludge ages, but did not 
cease. 
4. Oxygen concentration 
Dissolved oxygen is a prerequisite for nitrification. Downing et 
al ( 1964) recommends that the dissolved oxygen concentration 
should not fall below 0,5 mg/R.. As the dissolved oxygen con-
centration varies in parts of the tank, this means that the gen-
eral level should be kept higher, and particularly during the 
daily high load period oxygen must be present otherwise nit-
rification will not take place. Nitrification requires greater 
surety of oxygen supply than that for carbonaceous removal. In 
carbonaceous energy removal adsorption, which precedes 
metabolism, can store energy to a certain degree until oxygen 
becomes available again. In contrast, nitrification ceases the 
moment the oxygen drops below the critical level. 
TOTAL UNBIODEGRADABLE TKN BIODEGRADABLE TKN 
NITROGENOUS SOLIDS SOLUBLE IMMEDIATELY SLOWLY 
INFLUENT 
Nan• 'n Xu Nut• fnu N1 AVAILABLE BIODEGRADABLE ENERGY 
(TKN) 




Fractions of TKN in raw sewage influent to activated sludge plant 
Influent TKN Fractions 
The usual assumption in nitrification kinetics is that all the 
TKN remaining, after the nitrogen for synthesis has been sub-
tracted, is nitrified. However, from laboratory scale completely 
mixed activated sludge units receiving a daily cyclic influent 
flow in the form of a square wave (i.e. a feed period of 12 hours 
and a non-feed period of 12 hours) showed that nitrification 
was not complete. During the 12 hr feed period there was a 
steady increase ofTKN and a corresponding steady decrease of 
nitrate concentration in the effiuent. During the 12 hr non-feed 
period the TKN was slowly reduced and the nitrate slowly in-
creased, indicating that the TKN was being converted to a 
form that apparently allowed nitrification to occur. It was also 
noticed that the instant the feed period terminated, the oxygen 
utilization rate precipitously decreased to a value given by the 
carbonaceous oxygen demand. This indicated that a fraction of 
the influent TKN was immediately available for nitrification. 
From the analysis of a number of dynamic behaviour pat-
terns it was concluded that the influent TKN consisted of a 
number of fractions each of which responded in a different 
manner in the activated sludge process. 
The influent TKN, Ni, is divided into two fractions (l) un-
biodegradable and (2) biodegradable. 
(!) Unbiodegradable influent TKN 
I 
The unbiodegradable TKN consists of two fractions (a) soluble 
unbiodegradable TKN, Nu1 and (b) particulate unbiodegrada-
ble TKN, Nxii· The fractions are conveniently linked with the 
influent TKN, Ni as follows: 
where fnu = 0,02 and fn = 0, I. 
( 113) 
(IM) 
(2) Biodegradable influent TKN 
The TKN remaining, after the unbiodegradable fraction has 
been subtracted, constitutes the biodegradable TKN, Nai, i.e. 
(115) 
The biodegradable TKN is divided into two fractions (a) 
slowly biodegradable, N,;, and (b) immediately available for 
nitrification, Nbi· These fractions are empirically linked to Nai 
as follows: 
Nbi = ( 1 -. fsd)Na1 
where fsd = 0,8. 
( 116) 
( 117) 
The division of the influent TKN into the various fractions is 
shown in Fig. 12. 
Nitrification process kinetics 
Recognition of the presence of a slowly biodegradable TKN, 
which is not immediately available for nitrification, requires a 
modification of the normal nitrification theory as applied to 
process kinetics. The minimum sludge age as set out previously 
should not be affected, as usually the influent will contain im-
mediately available nitrogen for nitrification in excess of about 
5 mg/f!.. The extent of nitrification however, will be affected as 
this depends principally on the rate of conversion of slowly 
biodegradable TKN to immediately available nitrogen. As we 
have seen the slowly biodegradable nitrogen constitutes a 
major fraction of the influent TKN, f,d = 0,8. 
Readily available nitrogen, Nn113 
In the steady state process the nitrogen available for nitrifica-
tion is the balance after the nitrogen concentrations in the reac-
tor due to ( 1) unbiodegradable soluble from influent, (2) inert 
volatile particulate from influent, (3) synthesized volatile and 
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( 4) slowly biodegra<lahle nitrogen have been subtracted, i.e. 
(118) 
I. Unbiodegradable soluble nitrogen, Nu: Steady state con-
centration is given by: 
(119) 
2. Nitrogen in inert volatile material in influent, Nx;;: A mass 
balance on Nx; gives: 
(120) 
3. Nitrogen in synthesized material, Nsun: From Eq. (59): 
0,1 Y (S,-S) 
--
1
-+-b_R_s_ (1 + 0,2 bRs) (121) 
4. Slowly biodegradable nitrogen, N5 : The sources of slowly 
biodegradable nitrogen are: (a) Influent, i.e. (,aQ Nai· (b) 
Lysed material from endogenous mass loss. The dynamic 
model gave the best correlation with observed behaviour 
when it was assumed that 80 per cent of the lysed nitrogen 
was slowly biodegradable, i.e. the same fraction, f5a, as for 
the influent Na; .. As 20 per cent, i.e. fraction, f, of the mass of 
organisms that die remains as unbiodegradable volatile par-
ticulate matter, the slowly biodegradable nitrogen from en-
dogenous mass loss per day is (I - f)f.a fn bXa V. Degrada-
tion of slowly biodegradable nitrogen appears to be a first 
order reaction, i.e. 
dN8/dt = ksNsXa (122) 
where kn = 0,01 mg N .. lmg Xald. 
Performing a mass balance on Ns (Fig. 3): 
VdN, = fsaNa;Qdt + (,a(l - f)fnbXaVdt - knNsXaVdt -
N .. Qdt (123) 
At steady state dN,ldt = 0. Dividing Eq. {123) by Vdt, 
noting V/Q = R, equating to zero and solving for N 8 • 
(124) 
Nitrate formation 
Equation (105), slightly modified as below, formulates the rate 
of nitrification, dN/dt, i.e. 
dXn = Y dN = J.lmnN X 
dt n dt Kn+ N n 
(125) 
Based on Eq. (105) the minimum sludge ages necessary for 
nitrification in the process was developed, Eq. ( 108). Equation 
(I 08) appears to be in reasonable accord with practical obser-
vation in so far as the minimum sludge ages are concerned. 
However, when applying Eq. (125) to determine the nitrogen 
concentration in laboratory scale activated sludge process units 
treating raw and settled municipal wastewaters, the maximum 
rate constant, J.lnm, had to be increased by at least an order of 
magnitude to obtain rates consistent with those observed ex-
perimentally. For all practical purposes the conversion ofNH3 
to nitrate was immediate. Consequently in this paper the con-
centration of nitrate in the effluent is taken as equal to the 
steady state ammonia value (eq. (118)) i.e. 
NOaef = Nnh3 (126) 
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E,jfluent TKN 
Effluent TKN is given by: 
TKNef = N, + Nu + 0,1 X.,ef ( 127) 
Nitrification oxygen demand 
Stoichiometrically I mg (NH3-N) requires 4,6 mg/I!. Oxygen. 
The daily oxygen demand is thus directly related to the nitrate 
concentration in the effluent, i.e. 
MOn/day = 4,6.N03 e1·Q mg/d (12!l) 
Experimental Investigations 
Experimental framework 
The theory set out above forms a framework for devising ex-
perimental procedures to measure the constant Y, b and K. 
The difficulties associated with this endeavour are highlighted 
by a critical review of current methods employed. 
Determination of Y and b 
A widely used method is based on the relationship linking the 
Sludge Loading Rate (SLR) and the sludge age, R. (or, equi-
valently the sludge growth rate). The SLR was developed in an 
endeavour to find some parameter giving a measure of the 
Food/Micro-organism (F/M) ratio. Originally the SLR was 
defined as 
Mass of substrate applied/day 
SLR= 
Mass of MLSS 
_ S0 Q _ MS _ S0 
- XrV- MXr- XrR (129) 
Usually the substrate (or energy) was measured in terms of the 
5 day BOD. 
As a theoretical parameter the SLR has the following disad-
vantages: ( 1) the ratio X.,!Xr is not the same between plants 
due to different degrees of adsorption and precipitation of inor-
ganic salts on to the sludge mass. Hence Xr does not form a 
consistent parameter with respect to the volatile solids 
(Heukelekian et al, 1951). (2) As defined the SLR cannot be 
incorporated directly into the theoretical framework of the 
kinetic theory. In terms of the theory, from Eq. (55c) 
1 + bRs ML':.S 
1 + 0,2bR, . R,Y - MX., - SURv ( 130) 
where Xv = Xa + Xe 
Equation ( 130) indicates that the "loading rate" should be in 
terms of the mass of substrate utilized instead of the mass of 
substrate applied. The difference between mass of substrate 
applied and utilized is small if the BOD is used as substrate 
parameter, because (S; - S )/S;> 90 percent in the normal range 
ofloading. However if the COD is used as substrate parameter 
the error in using Eq. ( 129) can be large as a significant fraction 
of the influent COD may be unbiodegradable. 
In order to eliminate the errors introduced by (I) and (2) 
above it is now fairly generally accepted that the sludge loading 
rate should be defined by Eq. (130). To distinguish it from the 
SLR and to indicate that it is in terms of volatile solids the 
following name 1s suggested - Substrate Utilization Rate, 
SURv. 
The SURv still does not correctly reflect the F/M ratio as the 
volatile solids, Xv, include the inert endogenous residue, Xe. 
Theoretically the F /M ratio is given by Mti.S/MXa, and is di-
rectly derived from Eq. (55a) i.e. 
(S;-S)Q 
F/M = SURa = ---"'"-
XaR 
and can be written as follows: 
l/R. = Y.SURa - b 
1 + bR, 
YR, 
l/R, + b 
y (131) 
(132) 
This equation is linear in SURa. For comparison Eq. (130) 
can be written in the same form as Eqs. ( 131 and 132) respec-
tively, i.e., 
l/R, + b [ l/R, 
SURv= ----
y l/R, + 0,2b 
(133) 
1.e. 
l/R, =[ l/R, + 0,2b ]Y SUR - b 
l/R, . v (134) 
In the current methods of analysis the convention is to utilize 
Eq. ( 132) but to substitute SUR.for SUR a, i.e. 
l/R, = Y.SURv - b (135) 
The reason for this usage appears to be that as no procedure 
existed to identify Xa, the difference between Xa and Xv was 
simply ignored. The errors introduced in the anlysis of experi-
mental data by using Eq. (135), i.e. substituting SURv for 
SURa, can be evaluated as follows: Assume Y and bare known. 
In Fig. 13 are shown plots ofEqs. (132 and 134), SUR versus 
l/R, for Y = 0,43 and b = 0,24. [The determination of these 
"correct" values of Y and b are discussed later.] The theoreti-
cal SURa versus l/R, plot (eq. 132) is linear with slope equal to 
Y and the intersection on the l/R, axis equal to b. In contrast 
the theoretical SUR. plot (Eq. 134) is curved passing through 
the origin. Experimental Sur. values are also shown plotted in 
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Figure 13 
Experimental and theoretical relationships between sludge age and sub-
strate utilization rate 
If the current practice is followed, to accept that the experi-
mental plots utilizing SURv are linear, i.e. that Eq. (135) 
applies, then the best straight line is drawn through the ex-
perimental data. A value of b is found from the intersection of 
the straight line with the l/R, axis. In general this procedure 
always underestimates b, by at least 50 per cent ifthe R, values 
are low, and up to 90 per cent ifthe R, values lie in the range 6 
to 30 days. It is due to the use of the incorrect Eq. ( 135) that 
such a wide range of b values, and generally such low values 
have been reported in the literature. It is also due to this proce-
dure that the conclusion has been formed that b decreases as 
the sludge age increases. 
The same problem is present when the constants for oxygen 
utilization are determined. Here the practice has been to plot 
MO/MX. versus SUR. and to draw the best straight line 
through the experimental plots, to give a relationship 
MO/MX. =a' SUR.+ b' (136) 
Theoretically the oxygen utilization rate per unit mass of 
sludge is given by Eq. (58b), i.e. 
MO/MXa = (1 - l,42Y)SURa + 0,8.1,42.b (137) 
or 
MO!MXv = (1 - l,42Y)SURv + 0•8·1•42 b 
1 + 0,2bR, 
(138) 
Substituting for SURa and SURv 
I+ bR, 
MO!MXa = (I - 1,42Y) YR, + 0,8.1,42b (139) 
I + bR, 0,8. I ,42b 
MO!MXv =(I - l,42Y) + ----
(1 + 0,2bR,)YR, I + 0,2bR, 
(140) 
Whereas Eq. (139) is linear, Eq. (140) is curved passing 
through the origin (Fig. 13). 
It is evident from Eqs. (138 and 140) that the oxygen con-
sumption rate/unit mass of sludge is a function ofY, band R, 
only. Consequently, if b and Y are correctly determined, then 
the experimental oxygen consumption rates should serve as a 
verification of these values. That this is indeed so can be seen 
from the plots in Fig. 14 ofEq. (140) from Y = 0,43 b = 0,24 
and the measured carbonaceous oxygen demand. 
If, in conformity to current usage utilizing Eq. (136), i.e. 
drawing the best straight line through the experimental points 
in Fig. 14, then a' and b' values are obtained that are unrelated 
to the Y and b values ofEq. (140). Thus the current method of 
analysis gives empirical constants for linearized fits of the ex-
perimental data unrelated to the basic parameters Y and b. 
The procedures consequently can be of use only for deriving ad 
hoc parameters for a specified waste over a specified range ofR., 
but not of use for research into the basic kinetics of the system. 
Marais ( 1973) proposed a method of analysis which utilizes 
Eq. (133) directly. The analytical procedure is as follows: As-
sume Y = 1,0. Select a series of b values (say b = 0,1; 0,15; 
0,20, etc.) and for each b value using Eq. (133) calculate SURv 
for a series ofR, values. Plot a log SUR. versus log R, curve for 
each selected b value. (See Fig. 15.) Now plot the experimental 
SURv versus R, values. Trace the theoretical set ofb curves on 
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plot is made of MO/MXv versus SURv. The experimental val-
ues are also plotted and these should be near, or, straddle the 
theoretical curve. 
Marais' method leads to consistency between the net sludge 
generated and the oxygen utilized. In this respect it constitutes 
an advance on the methods currently being used. However, in 
Fig. 15 it can be noted that the curvature and shape between 
two adjacent b-curves are not very different and it is usually 
impossible to identify positively which b value should be 
selected. Each time a b value is selected a corresponding Y 
value is determined. Within limits all the sets of Y and b give 
virtually identical values for MXv and MO/MXv, between Rs 
= 3 and Rs= 30 days. This is illustrated in Table 3 and in Fig. 
16 for the two sets Y = 0,43; b = 0,24 and Y = 0,32; b = 0, I. It 
is clear that Marais' method gives rise to consistent kinetic in-
0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 terrelationships but not necessarily the correct parametric val-
SURCV kg COD I kg MLV_SS 
F([ture 14 
Experimental and theoretical oxygen demand per unit mass of i\1LVSS 
versus substrate utilization rate 
transparent paper and displace parallel to the SUR axis until a 
b-curve is over the experimental plots. The b-curve that gives 
the best fit to the experimental data forms an estimate ofh. The 
value ofY is now determined as follows: From Eq. (133) one 
can deduce that 





Y ( ) 





To apply Eq. (142), at some value of Rs draw a horizontal 
line to intersect the SURv(exp) and SURv(Y = l,b) curves at 
Points A and B respectively then Y(exp) = BIA (Fig. 15). 
The value ofY and b obtained by the procedure above is now 
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Figure 15 
Modified procedure to detfrmine Y and b from experimental data 
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ues for Y and h. 
After many endeavours to obtain a more positive identifica-
tion ofY and bit was concluded that the compensatory effects 
of Y and b made it unlikely that good identification could be 
achieved by a joint analysis. The only solution appeared to be 
an additional independent determination of either Y orb. Such a 
determination for the value of b, is available in the theory on 
sludge digestion. 
In the section on aerobic sludge digestion, two methods were 
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Experimental and theoretical relationships between mass of sludge produc-
tion and oxygen requirements per dayfor one mg COD utilized per day in 
activated sludge process · 
TABLE 3 
THEORETICAL MASSES OF VOLATILE SOLIDS AND OXYGEN DEMAND IN REACTOR PER 
MASS OF COD UTILIZED/DAY FOR TWO VALUES OF Y AND B 
y = 0,43, b = 0,24 y = 0,32, b = 0,01 
R, MXa MX. MX. MO MXa MX. MX. MO 
I 0,346 0,017 0,363 0,484 0,291 0,005 0,297 0,579 
2 0,581 0,028 0,609 0,567 0,533 0,021 0,555 0,606 
3 0,750 0,108 0,858 0,594 0,738 0,044 0,783 0,629 
5 0,977 0,235 1,212 0,655 1,067 0,107 1,173 0,666 
IO l,265 0,607 1,872 0,734 1,600 0,320 1,920 0,727 
15 1,433 1,032 2,465 0,767 1,920 0,576 2,496 0,763 
20 1,483 1,423 2,906 0,794 2,133 0,853 2,986 0,788 
25 1,536 1,842 3,379 0,808 2,286 1,143 3,429 0,805 
30 1,573 2,265 3,838 0,879 2,400 1,440 3,840 0,818 
R, sludge age in days 
MXa 
MX. kg active, endogenous and total volatile solids in reactor/kg mass of COD utilized/day 
MX. 
MO kg oxygen utilized/kg COD utilized/day 
y kg VASS synthesized/kg COD utilized 
b Amg VASS/mg VASS/day 
atile solids and applying Eq. (67) and (2) measuring the oxy-
gen utilization rates and applying Eq. (72). After completing a 
number of b determinations using both methods it was con-
cluded that the two methods give approximately the same 
value for b but that method (2) was less laborious and gave 
more consistent results. 
0,43 mg VSS/mg COD removed per day at 2CY'C {Fig. 14). 
Data from tests other than 2CY'C gave Y values apparently not 
significantly different from Y = 0,43, but the number of tests 
was too small to come to a firm conclusion as to the effect of 
temperature on Y. However, it would seem that the tempera-
ture effect on Y is very small. 
In method (2), to determine b a series of activated sludge 
plants are run at the desired temperature, at sludge ages rang-
ing from 2,5 days to 30 days. The plants are run until all show 
steady state behaviour with respect to volatile solids and oxy-
gen utilization rate. The feed to each plant is then terminated 
and the oxygen utilization rate measured by means of an oxy-
gen probe four to ten times per day for about two weeks. The 
values are plotted log ( dO/dt) versus t and the best straight line 
drawn through the plotted points. The slope of the plot gives an 
estimate of b. An exampl:e of such a plot is shown in Fig. 17. 
From a number of such tests, at different sludge ages, but at 
the same temperature, it was concluded that b was constant 
and independent of R8 , with the value b = 0,24/d at 2CY'C Fig. 
18). Repeating the set of tests at 14° and lCY'C. showed that b 
was not very temperature sensitive and its value related to 
temperature by 
br = 0,24{1,029)T-20 
where 
Br= b(day-1 ) at T°C 
T = °C 
(143) 
The experimental temperature data are shown plotted in Fig. 
19. 
Once the value of b was founq, then using the method of 
Marais, the ass<?ciated value ofY was determined, to give Y "."' 
A search of the literature provided some experimental data 
by means of which it was possible to obtain checks on the val-
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Experimental relationship between oxygen consumption rate with time in a 
batch. digestion test, to determine the endogenous respiration rate, b 
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Figure 18 
Constancy of the endogenous respiration rate, h, with sludge a,i;e 
ues of Y and b obtained in this investigation. Most research 
work in the past utilized the 5 day BOD and Total Settlcable 
Solids, Xr, as the energy and solids parameters respectively. 
However, one can convert to these parameters from the 
parameters in the investigation (COD, Xv) by utilizing the re-
lationships observed between COD and BOD5 , and Xv and Xr 
on plants treating municipal sewages. The relationships ex-
pressed in terms of BOD5 , Xv and Xr are given in Eqs. ( 177) 
and (178). 
Hopwood and Downing (1965) and Wuhrmann (1964) pro-
vide plots ofSUR800,r versus R, shown.in Figs. 20 (a and b). 
The theoretical plots utilizing Eq. ( 178) for Y BOD,T = 1,09 and b 
= 0,2 are also shown. The Y BOD,T and b values are derived from 
the work in this investigation and are independent of the data 
of Hopwood and Wuhrmann. The value of b is that of l4°C, 
Eq. (143). This lower value was selected as being more rep-
resentative of conditions in England and the European conti-
nent. 
Considering that the value ofY800,r was derived quite inde-
pendently of the experimental data in Figs. 20 (a and b), from 
data in this investigation, the fit is quite remarkable. 
Determination ef K 
Theoretically the reaction rate constant K can be determined 
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Figure 19 
Variation of endogenous respiration rate with temperature 
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Experimental and theoretical relationship between sludge loading rate and 
sludge age for two plants in Europe 
S;- S 
SURa =KS (144) 
where 
K is R/mg mass of active matcrial/d. 
A plot of SURa versus S should be a straight line passing 
through the origin, the slope defining K. 
In practice it is not possible to use Eq. (144) directly as Xa 
cannot be measured. Consequently the practice has been to 
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Cartesian plot of SLR versus l/R,for data from two plants in Europe 
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Determination of K for energy measured as BOD. Comparison of new method of plotting ( LHS) with standard method of plotting ( RHS) 
However, it is a simple matter to convert Eq. ( 145) to the 
correct form: 
Xv= Xa(l + 0,2bR8) (146) 
Hence 
unbiodegradable component in the measured COD. The un-
biodegradable S value is estimated from the intersection on the 
S axis. A plot of eflluent soluble COD values versus the corrected 
SUR values is shown in Fig. 22 for wastewater from Cape 
Town, giving a K value of 0,07 .e/mg/d. 
S; - S S1 - S XR = X--R . ( 1 + 0,2bR8) = KS (147) When searching for K values in the literature the following 
a v 
Hence to obtain the correct value of K the· measured SURv 
values are multiplied by ( 1 + 0,2bR.,) before making the SUR 
versus S plot. For practical purposes the value ofb can be esti-
mated, from Eq. (143). 
The error incurred by not making the correction to SUR can 
be shown to be as follows: In Eqs. ( 144 and 145) substitute 
SURar and SURr respectively, i.e. 
1 + bR, =KrS 
YrRs 
1 + bR, = KrS 
Y rRs ( 1 + 0,2bR,) 
(148) 
(149) 
In Fig. 21 are shown plots of Eqs. (148 and 149) for Y = 
1,09; b = 0,24; Kr = 0,03. The SURr plot is curved, iIJ.tersec-
tion the S axis, whereas the SURar plot is a straight line. 
Hence, if the best straight line is drawn through the SURr data 
it will probably show an intercept on the Saxis. A search of the 
literature does indeed indicate that often an intercept on the S 
axis is observed (von der Emde, 1972; Garret, 1972). The data 
plotted in Fig. 21 is from Garret ( 1972). In the literature the 
reason advanced for this behaviour is that there is an unbiodeg-
radable BOD present, but this argument does not appear to be 
valid as the nature of the BOD test is such that it can only 
measure biodegradable material. 
When the COD is employed as energy parameter the data 
always shows an intersection on the S axis, but this is due to an 
should be noted: 
1. In analyses of the experimental data the determ_ination of 
K is not significantly affected by using the SURv instead of the 
SURa parameter. 
Generally the determination is affected significantly only if 
Rs is very long, i.e. > 15 days. 
2. The value of K is not affected by using BOD or COD as 
energy parameter. This can be shown to be so by using Eq. 
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Figure 22 
Determination ef Kfor energy measured as COD. 
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_!_ = Y cooKcODScoD - b 
Rs 
Now t!.Scoo = 1,9 t!.SBoD 
(150) 
(151} 
and as the same mass of organisms is synthesized from a sub-
strate, independent of the parameter for measuring the sub-
strate 
y coof!.ScoD = y BOD t!.SBOD 
Substituting Eq. (151) 
YBoD = 1,9 YcoD 
As t!.SBoD =t!.Scooll,9 
hence 
_!_ = Y BoDKBoDSBoD 
R. 
(1,9 Ycoo)KBoo(Scooll,9) 
= Y cooKBooScoo 
As bis common in all the equations 





3. The value ofK changes ifTSS (Kr) is used instead ofVSS 
(Kv), i.e. Kr if:- Kv. 
In Eq. (30) Sis common, i.e. 
i.e. 
I.e. 
Kr= Kv. ~; 
I+ bRs 
YrKr 
Yv!Yr is approximately equal to 0,75 
J.C. 





Many values of Kr have been reported in the literature. Ac-
cording to von der Emde ( 1972) the greater the fraction of in-
dustrial waste in the municipal waste flow, the lower the value 
of Kr. This is supported by the values of Kr listed by Eckenfel-
der (1967). He gives a range of Kr values for municipal wastes 
from 0,017 to 0,043. The value for Manchester, a heavily indus-
trialised city, is Kr= 0,017, which is near the lower end of the 
range. Data from laboratory scale activated sludge units treat-
ing settled sewage from the Athlone works at Cape Town give 
Kv = 0,07, i.e. Kr= 0,052, which is a high value. In general it 
is difficult to predict what the value ofK will be for a plant. For 
design, one would tend to use a high value when calculating 
oxygen requirements, and a low value when calculating effiuent 
qualities. 
The experimental determination of K is in essence unsatis-
factory. The effiuent must be centrifuged or filtered to deter-
mine S, and in this way some unbiodegraded biodegradable 
particulate influent material is removed and not reflected in the 
S value. This deficiency probably has a more severe effect than 









The laboratory scale single tank activated sludge process used in the inves-
tigation 
is realized as up to 70 percent of the influent COD of municipal 
wastewater may be in a finely divided suspended particulate 
form. 
Apparatus and methods 
Investigation into the kinetics of the activated sludge process is 
time consuming and tedious. To obtain consistent and reliable 
data the experimental apparatus must be of appropriate design 
and there must be an uncompromising vigilance, a strict discip-
line and attention to detail in every operational procedure and 
test. If these are relaxed or neglected, the investigation is best 
left alone - the results will be largely useless. 
The experimental phase forms such a pivotal part in an in-
vestigation that it is profitable to review the apparatus and op-
erational procedures which, in the authors' experience, have 
shown to give rise to good experimental data. 
A schematic design of a laboratory scale completely mixed 
activated sludge unit is shown in Fig. 23*. In detail, the plant 
consists of: 
I. Main aeration reactor. It is an open container, rectangular in 
plan, of IO to 20£ capacity. It has an overflow at one end· which 
can be of one or two types: (a) a direct overflow at surface level. 
The overflow is protected from wave action by a semi-circular 
section about 40 mm deep set about 20 mm into the liquid. If 
this is not provided, the outlet periodically blocks from adher-
ing growths (due to splashing) becoming attached above the 
water level. The outlet pipe is set to slope at 1 Cf down and the 
plastic connecting tube is nicked to allow bubbles trapped in 
the inlet to escape, otherwise the bubbles pass down the tube. 
This outlet has the disadvantage that it is fixed so that the vol-
ume of the reactor can only be changed by taping plastic sheets 
on to the inside walls of the tank to block off a smaller com-
partment. Here very good long lasting results are obtained 
using "Elastoplast" water repellent surgical tape. Indeed, it is 
possible to construct the reactor using this tape only, for tern-
•Detailed design drawings are available of all the apparatus described in 
this section. 






Design details of activated sludge laboratory scale unit 
porary purposes (Fig .. 24). {b) The liquid leaves the reactor at 
the botton via a soft plastic tube to the outlet which is a manu-
factured inverted Y piece that can be set at any level by bolt-
ing to a slide fixed to the reactor side. This outlet allows the 
volume of the reactor to be changed as desired, but trouble is 
sometimes experienced with the plastic tube becoming blocked 
under low flows, (Fig. 24). 
2. Paddle stirrer. This is a separate unit. The paddle is set at the 
end of a shaft driven by an electric motor, at about l 00 rpm. 
The motor is fixed to a platform which rests on the top edge of 
the reactor. The paddle-motor assembly can be removed by 
lifting off the whole assembly. The size of the paddle is found by 
trial and error. The objective of the stirrer is to keep the con-
tents mixed independent of the aeration mixing effect. Mixing 
must be independent of aeration in order to control the oxygen 
concentration to any level desired, and in order to do oxygen 
utilization tests (see later). The intensity of the paddle mixing 
must be regulated to a gentle mix sufficient to keep the sludge 
in suspension throughout the reactor, but insufficient to pro-
mote appreciable oxygenation. 
3. Rough bubble aerator. This is simply a vertical 3 to 6 mm glass 
tube held vertically in position by clips either to the sides or on 
to a narrow platform fixed across the top of the aeration 
chamber. Fine bubble aeration, through a fritter or porous 
plate is not recommended. The fine bubbles, on bursting at the 
surface, splatter sludge particles over the plant and this consti-
tutes an unknown loss of sludge. The air supply to the aerators 
is usually reduced, i.e.± IO kPa, by passing through a reducing 
valve. The low pressure supply is washed by passing through a 
large washing bottle. The supply of air must be adequate and 
transported in relatively large pipes so that if more than one 
aerator is being fed from the low pressure manifold the supply 
pressure to one aerator is not affected by changing the flow to 
another aerator. 
4. Settling tank. This is of the inclined tube type having a central 
motor driven shaft to which is attached a windscreen wiper to 
sweep the inside clean, rotating at l rpm. Mixed liquor is in-
troduced at the bottom and withdrawn at the bottom, the 
overflow discharging at the top. At recycle rate of about l: l, the 
accumulation of sludge at the bottom is negligible and the 
sludge always remains aerobic. This settler is the only one of 
the types tested that has given continuous trouble-free efficient 
performance. 
5. Daily feed container. The container is made of 450 or 600 mm 
diameter plastic pipe with a flat bottom plastic welded to it. 
The feed take-off is about 15 mm above the bottom. The con-
tents are gently stirred by a motor-driven paddle to keep the 
solids in suspension at about 2o rpm. The paddle size is found 
by trial and error. To prevent oxygen entering the feed liquid 
the paddle shaft passes through a floating cover of plastic-lined 
expanded styrine. The motor driving the paddle is fixed to a 
platform that fits on the container top edge. To prevent the 
paddle fouling the floating cover when the feed level drops to 
near the bottom, lugs are welded to the inside of the container 
wall at a level just higher than the top edge of the paddle to give 
clearance to the paddle. 
6. Peristaltic feed and recycle pump. The cirular type of peristaltic 
pump was the only one used in this investigation. It has rollers 
that can be adjusted to different types of feed tubing. In all 
cases the speed of the pump should be controlled by either an 
infinite gear change capability, or electronically. Pumps which 
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have only finite gear speed changes with a constant motor drive 
are not recommended as it is not possible to make minor ad-
justments to the flow. Such ad,iustments arc often necessary as 
the volume of the feed tubes in the pump tend to change with 
use, becoming more oval in shape. Also ifa stoppage has occur-
red, it is necessary to increase the feed rate for a period. 
If the recycle flow and feed flow are approximately the same, 
one pump only is required to drive both flows. Preferably two 
separate pumps should be supplied to control the feed and re-
cycle independently. 
7. Connecting tubing. These must be of soft, transparent plastic 10 
to 15 mm diameter. It is important to have soft tubing so that 
the tubes can be cleared internally of attached sludge by 
squashing. The diameter of the tubing may be important; if too 
small the free flow from the reactor to settler may be in-
adequate, if too large settlement tends to occur in the tube. 
In investigations where serial reactor flow regimes arc re-
quired, for example, in biological nitrification-dcnitrification 
studies, or when simulating plug flow systems, the reactors may 
range in number from 2 to 6. Of necessity each of the reactors 
will be smaller in volume. Some reactors can then be made of 
150 to 300 mm acrylic transparent pipe. To prewnt rotation of 
the liquid and to promote mixing, vertical vanes arc glued to 
the inside of the reactor. Each reactor has its own mixer and air 
supply. 
The units are mounted on a vertical board, each unit either 
being bolted directly to the board, or placed on a support 
bolted to the board. The board is held in a vertical metal frame 
which itself is mounted on a horizontal frame on roller wheels 
so that the frame, plus units, can be moved to any convenient 
place in the laboratory. Below the units, on the ground, is 
placed a wide shallow sheet metal container lo catch and retain 
any sludge spillage due to blockages and splitting of the tubes. 
The spilled sludge is returned to the system. It is essential to 
have the shallow sludge spillage container: at long sludge ages 
any unaccounted sludge loss will only be made good both in 
constitution and mass after about one sludge age has passed. 
The influent supply, whether settled or raw sewage, is col-
lected in a 400 I!. trailPr tanker. The contents arc pumped to 
two 200 I!. stainless steel storage vessels in a cold room, kept at 
4°C. While pumping to the storage vessels the contents of the 
tanker arc violently agitated by a strong jct of compressed air. 
The flow passes through a special line maccrator before enter-
ing the storage vessel, to cut up, very finely, any solids in the 
supply. 
The tanker supply is delivered two or three days before the 
previous supply is exhausted. A clay before the supply is to be 
used, ten samples of the storage vessel are analyzed for COD 
and TKN. Before any sample, or the daily feed, is taken from 
the storage vessel, the liquid contents must be thoroughly 
mixed. A simple, effective mixer is a wooden disk 300 mm in 
diameter fixed through the centre, at right angles, to the end of 
a wooden rod .. Mixing is done by vigorously raising and lower-
ing the disk in the tank contents. Continuous mixing by 
motor-driven paddles is not desirable as this leads to aeration 
of the supply. Intermittent mechanical mixing, when collecting 
the supply, is not worth the complexity and cost. 
During the first two days the COD in the storage vessel tends 
to decrease slightly. Thereafter, the concentration stabilizes. 
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There is little one can do about this and it must be accepted 
that the influent feed to the reactors is not quite the same in 
constitution as that in the sewer. It is the price to be paid in 
order to have a stable feed for a period. 
The COD of the daily feed to the units is fixed by estimating 
the lowest COD to be expected in the waste supply. Con-
sequently the COD in the storage vessel is normally higher 
than that specified for the feed. Therefore, the daily feed supply 
must be diluted to the right concentration. Every two days the 
storage vessel contents are tested for the COD and the dilution 
changed appropriately to keep the Iced COD concentration 
constant. 
Occasionally, under normal conditions, and quite often dur-
ing the rainy season, the COD in the supply is lower than that 
specified in the feed. To cope with these exceptions, the volume 
of the daily feed must be increased so that the same mass of 
COD is fed (or utilized) every day, i.e. for any steady state 
work the daily mass of COD feel must be kept constant, irres-
pective of the strength of the feed. 
To obtain as precise control as possible on the COD mass fed 
per day, the volume of feed each day is measured off and the 
feed mechanism set to deliver this volume in 231/2 to 24 hours. 
If the feed mechanism breaks down during the night, then d ur-
ing the next day the feed rate must be stepped up to deliver the 
backlog volume plus the current days volume. Daily feeding 
should commence about 4 p.m. and sampling and testing of the 
system at about 10 a.m. to minimize the effect of the slight 
break in feeding every day at 4 p.m. 
The objective of all these control procedures is to ensure that 
over a period ohime stable conditions can develop. It is not so 
vital that the mass COD fed on two succeeding days have dif-
fered (due to a breakdown), but it is essential that over a period 
of say a week the same mass of COD has been fed as over the 
previous week, if stability in the sludge concentration is to be 
attained. 
The sludge age is established by "hydraulic control". If, for 
example, a sludge age of 10 days is wanted and the volume of 
the reactor is 1 5 I!., then each day I 5/ 101!. = 1,.51!. of mixed 
liquor is abstracted directly from the reactor and wasted. No 
attempt is made to control the sludge concentration. Under the 
constant feed and hydraulic control of the sludge age, the 
sludge concentration finds its own level and this is utilized in 
determining the kinetics of the system. 
Sludge draw-off is done once a day for sludge ages of 15 days 
or more. For sludge ages between 8 and 15 days, sludge draw-
off is twice a day, half in the morning and half at night. At 
sludge ages of less than 8 clays the sludge draw-off should be 
semi-continuous, at regular intervals by means of a peristaltic 
pump. Every hour a timer activates the pump for a few minutes 
and a fixed volume is pumped from the reactor. It is almost 
impossible to get the pump to deliver the exact volume in 24 
hours. The pump therefore, is set to deliver slightly less than 
the required volume and the balance made up out of the reactor 
each day. If the pump is set to work continuously, the rate of 
flow is so slow that the mixed liquor settles in the tubes and 
invariably the concentration pumped out is less than that in the 
reactor. It is for this reason that the pump is set to operate for 
short periods at high velocity. 
Oxygen level in the reactor is monitored by means of an oxy-
gen probe, the level being controlled to between 1,5 and 
2,5 mg/R. To maintain the level between these two limits re-
quires regular inspection of the oxygen level over the day. The 
control is simplified if the flow to each aerator is metered 
through a flow meter. A record of the air flow rate is often use-
ful in detecting changes in the process. 
Two important operational control procedures are:(!) wash 
the feed container every day, and (2) at least twice a day brush 
the reactor surfaces thoroughly to dislodge any adhering bacte-
rial growths. At the same time the connecting tubes are 
squashed, for the same reason. Every week the tubes must be 
cleaned by flushing with hot water and passing a rod through 
them. If these precautions are not strictly observed, then con-
tinual trouble must be expected from filamentous organisms 
invading the plant from growth points on the reactor surfaces 
and tubes. 
Sampling and testing should be done at least every second 
day. The following tests are necessary. 
Influent: COD, TKN, and pH, all on unfiltered samples. 
Reactor contents: 
(a) Xv, Xr, pH SVI and oxygen utilization rates. 
(b) COD, TKN, N02 , N03 on filtered samples. 
(c) TKN and COD of the filtered sludge. 
In (c) the COD measurement may be omitted unless 
COD/VSS ratios are being investigated. Furthermore, the 
TKN of the sludge is usually 0,09 to 0, 11 with respect to VSS 
and may be omitted if a slight error in the nitrogen balance is 
allowable. 
Influent samples contain volatile solid material so that the 
influent COD and TKN must be done by manual methods. For 
comparative purposes it is therefore advisable also to do manu-
ally the COD and TKN on the filtered reactor samples. N02 
and N03 measurements are conveniently done on an auto' 
analyser. SVI tests should include the time settlement curves 
which are more revealing than the SVI value as to the charac-
teristics of the sludge. 
Oxygen utilization rate determinations demand special men-
tion. A test is done· in the reactor. The oxygen probe is kept in the 
reactor and the oxygen level increased to 5 to 6 mg/R by extra 
sparging of air, or additional sparging with pure oxygen. The 
air flow is then stopped completely, but the waste feed is continued, 
also the mechanical mixer is kept stirring. The change in oxy-
gen concentration is then recorded with time (preferably au-
tomatically) and if the data plots to a straight line the rate is 
determined from the slope. If a sample is taken from the reactor 
and a rate determination done on it, then often, though not 
always, the rate can be lower by about 30 percent. This is due 
to the rapid change in oxygen utilization of a sample once the 
feed stops, particularly where nitrification is taking place. The 
gentle turbulence from the stirrer has a negligible effect on re-
oxygenation and on the rate measured. Let the rate measured 
be designated by, r mg/R/d, then the oxygen utilization per day 
is given by: 
M01 = rV mg/d (160) 
Analysis of kinetic response 
When making a comprehensive investigation into the response 
of the completely mixed activated sludge process, two separate 
sets of investigations are required. The first utilizes settled 
waste and the second unsettled waste. For the settled waste the 
inert volatile settleable solids,X11, are assumed negligible and 
the constants are determined based on this assumption. For the 
unsettled waste the above assumption may not hold, but once 
Y and b are known X 11 can be estimated by trial and error to 
obtain the observed response using unsettled sewage. 
Ana(ysis using settled wa~te 
The following information would have been collected: 
(I) Influent: COD (S1), TKN (mg/R) and Q (Rid) 
(2) Process constants: V(R), hence R = V/Q (day) 
(3) Soluble fraction of reactor contents: COD (S), TKN, N03 , 
N02 , (mg/R) 
(4) Volatile solid fraction: MLVSS (Xv), TKN of Xv (option-
al) (mg/R) 
(5) Oxygen utilization: 0 1 mg/R/d 
(6) Endogenous respiration test: b ( day-1 ) 
With regard to (6) above, if the objective is to obtain design 
data it is allowable to omit the determination of b and accept 
the value ofb from Eq. (143). For research purposes, b should 
be determined experimentally. 
The following steps in analysis are now taken: 
(1) Form (S, -S) = (Si - S)Q = ML:.S = SUR 
XvR XvV MXv v 
from the average value of each test. 
(2) Plot SURv versus R., as in Fig. 15. Plot the theoretical b 
curve assuming Y = 1, Eq. (133), using the b value ob-
tained earlier. By moving the b curve parallel to the SURv 
axis fit the b curve to the experimental plot, and determine 
Y, (Eq. 142). 
(3) Determine the experimental carbonaceous oxygen demand 
rate, re: 
(4) 
re= r - 4,6 N03 - 1,9 N02. 
or, from Eq. (160): 
MOe = reV 
Determine from experimental data 
MXv= XvV 
MOe = rvV 
Mb.S = (S1 - S)Q 
(161) 
(162) 
Calculate and plot the following theoretical curves using 
experimentally determined Y and b values, from Eqs. (56c 
and 58b): 
y( I + 0,2bR8)R 
I + bR8 s 
(163) 



















for Cxii = 0,04; 0,06; 0,08; etc. 
Plot the experimental 
Xv1V 
-(S_; __ -S-)Q-vcrsus Rs 
and select the best Cxii value. 
Once Cxii is selected the check is made against the oxygen 
demand rate using the procedure outlined for Eq. (164) above, 
remembering that .t.S = S; - S, not (S0 - S) . 
It is always desirable to check the nitrogen balance. If no 
nitrogen is lost by dentrification then 
TKN;n1.Q = [TKNer + (N03 - N) + (N02 - N)]Q + 
f.(MXv)IRs (168) 
If f had not been measured a good check is still obtained by 
taking f = 0, l. 
0 
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Figure 25 
Comparison between various suhstrate utilization rates and the sludge age 
MO 
Mc.S 
= (l _ l 42 Y) + 0,8.l,42bYR, 
' 1 + bRs (164) 
(5) Plot the experimental MXv!Mc.S, MO/Mc.S values on the 
same diagram as in ( 4) above. The data should plot around 
the theoretical lines. If not, make slight changes in Y and 
replot the theoretical lines until the best fits are obtained 
(see Fig. 16). 
(6) Once bis known, plot from Eq. (147) 
(I + 0,2bRs) (SX~RS) versus S 
to obtain the value of Kv and the unbiodegradable soluble 
COD fraction, S11 (sec Fig. 22). 
Unsettled waste 
To determine the unbiodegradable influent volatile solids con-
centration X;;, the set of tests above is repeated using unsettled 
wastewater. In the analysis Y and b obtained from the settled 
waste tests are now assumed to be valid for the unsettled waste. 
An estimate of X;; is now made as follows: 
Loading rate versus sludge age 
In this paper the underlying theme that has emerged is the 
fundamental importance of the sludge age as a parameter in the 
kinetics of the activated sludge process. It is now necessary to 
consider in greater detail its influence on the design and opera-
tion of full scale works. 
f. widely accepted basis for design of full scale plants is the 
Sludge Loading Rate (SLR), also known as the Load Factor, 
or, as defined in this investigation, the Substrate Utilization 
Rate (SURv). Now it has been shown earlier that the SUR al-
ways can be written in terms of the sludge age (Eq. 133), but as 
the defining equation also contains the terms Y and S, a 
number of SUR values can be evaluated depending on the 
choice of solids measurement (Xa, Xv, Xr) and substrate mea-
surement (COD, BOD). The derivation of some of these SUR 
parameters are given below and plotted in Fig. 25. 
Let Y = 0,43 Mc.Xa!Mc.COD (169) 
For municipal settled sewage 
.t.BOD = 1,9.t.COD ( 170) 
and 
Xv/Xr = 0,75 (171) 
Then from Eqs. (169 and 171): 
YBoD,v = l,9Y = 0,817 ML:.Xa/M.t.BOD 
Where S0 is equal to COD of influent, 
Cxii = fraction of Xii with respect to S0 
(165) YBoD.T = TBon,vl0,75 = 1,09 M6Xar/M.t.BOD 




si = s.-1,42 xii 
Plot the following theoretical functions versus R.: 
MXvL XvN 
M.t.S- -(,_,..S-; --.,,.,S)-:Q-
Y.(I + 0,2bR.).Rs + C SR 
1 + bRs xii o s 
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I+ bRs 
Z= 
(I + 0,2bRs)R. 
(166) Mc.COD/MXa = SURa = (Z/Y) (I + 0,2bRs) 
M.t.COD/MXv = SURv = Z/Y 
M.t.BOD/MXv = SURBon,v = Z/YBon.v 
(167) 









1,9[(1 - 1,42Y) + l IR 
+ ) " 
(J,9 - J,42\' BOD v) + 
MXr _ 1,09 (I + 0,2bR.) 
M6ROI) I+ bR., 
1,42.0,8hY non,vRs 
I + bR8 
(179) 
(180) 
If raw sewage is being treated, Eqs. (I 75 to 180) must be 
modified to incorporate the accumulation of inert material X, 
in the sludge derived from the inert material in the raw sludge, 
X;;. As an example, consider Eq. (176); from Eq., (165) we 
write X11 = C.T1; (S0 ) = C1(S; - S) as the fraction of inert mate-
rial in the influent with respect to the mass of COD biodcg-
raded. Then Eq. (I 76) becomes: 
SURv = l/(Y/Z + C1R,,) (181) 
It should be noted that if volatile inert material is present, 
yet another scl of SUR values can be calculated. 
From Fig. 25 and the discussion above, it is clear that de-
pending on the paramr.t('rs defining the sludge and substrate a 
multiplicity of SUR values arc possible for the same sludge age. 
This is an undesirable ilspcct ilS it provides a permanent source 
of error and misunderstanding at, and hr.tween all levels of 
technical staff mnccrncd with the process. But perhaps of grea-
ter importance is the. fact that a.1· all the different SU R's are 
.functio11al(y related lo the slud~e a/~e. 110 additional information 
can be deri1Jed.from the SUR<,· that cmmol he derived.from the sludge 
n.11,e. 
Although the R,, value, being ind<"pendent of the nutrient and 
sludge parameters, it theoretically superior to the SUR, one 
should, from a practical point of view, ask this question - "Will 
the use of parameter SUR or that of R., lead to better and sim-
pler control of the process?" 
At present the process is controlled by keeping the sludge 
concentration at some constant val uc which is established 
either by design or from experience of the plant behaviour. To 
determine the load factor extensive testing of the daily influent 
substrate and flow pattern must be undertaken to determine 
the mass substrate load conditions. To fix the sludge age a his-
tory of sludge abstraction must be kept. This, in itself, requires 
careful recording because the sludge is abstracted from the un-
derflow of the secondary settling tank and the concentration of 
the underflow tends to vary with the daily cyclic flow through 
the plant so that the concentration wasted from the underflow 
must be tested daily. Thus, neither the sludge age nor the load 
factor is usually known precisely. Even to keep the sludge con-
centration constant requires continuous evaluation of the 
sludge mass wasted from the underflow. 
The problem is controllable in large plants where the technj-
ca·I supervision is adequate, but in small plants both the load 
factor and sludge age arc usually unknown. It is a real problem 
to instruct small plant operators in process control; one may, 
from necessity, have to resort to instructions of the following 
kind: "Fill a litre measuring flask with mixed liquor, allow to 
settle for half an hour and if it settles to a value greater than 
x ml open the waste underflow valve for y minutes''. It there-
fore appears that the current procedures developed from the 
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Figure 26 
Experimental data from a full scale activated sludge plant illustrating the 
constancy ef the reactor ML':iS compared with the settler underflow con-
centration 
plication) lead to relatively complicated procedures to exercise 
control of the plant process. 
Hydraulic control of sludge age 
A positive control of the sludge age (and the SLR) can be built 
into the plant by the method of hydraulic control proposed and 
implemented by Garret in 1958. The scheme is as follows: Sup-
pose a sludge age of JO days is specified. A satellite settling tank 
is provided, completely independent of the secondary settling 
tank, into which I/IO of the reactor volume is pumped every 
day. The supernatant is discharged to the effiuent channel (or 
pumped back to the reactor), the settled sludge is pumped to 
the digestors or drying beds. (This procedure was already de-
scribed in the process control of the experimental plants, but 
bears repeating). That this method gives the correct sludge age 





V = volume of reactor 
v = volume mixed liquor abstracted per day from reac-
tor. 
The procedure works because the mixed liquor concentra-
tion changes insignificantly over the day. (Ekama and Marais, 
1975). This is verified by comparing the stability of the con-
centration of mixed liquor in the reactor and the concentration 
of sludge in the underflow over the day in one of the major 
plants ofi Johannesburg, Fig. 26, (Nicholls, 1975). 
Controlling the sludge age in small works may require pump-
ing at regular times, every day or every few days, provided the 
volume pumped is such that the required volume, v, per day is 
abstracted. In big works the sludge age satellite tank may be 
designed for continuous operation receiving a constant flow, or, 
operated for say 12 hours per day. 
An important point about hydraulic control of the sludge age 
is that irrespective of the flow through the plant if a fixed frac-
tion of the volume of the reactor is removed and wasted every 
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day, the sludge age is fixed. If the COD mass load per day on 
the plant remains constant, the sludge concentration will re-
main constant automatically. If the COD mass load increases, 
the sludge concentration will increase automatically, to main-
tain the same sludge age. Thus, by monitoring the MLSS con-
centration an indirect measure is obtained of the COD load 
and load change. 
If the oxygen capacity of the plant becomes insufficient to 
cope with an increasing load some relief is possible by reducing 
the sludge age, although the reduction in sludge age must be 
quite substantial to bring significant relief when the sludge age 
is long (sec Fig. 4). 
Using hydraulic control the sludge age is changed by simply 
changing the volume wasted per day. Furthermore, if say, the 
sludge age is reduced from 20 days to 15 days by hydraulic 
control, the full effect of the change will become apparent only 
after about IO days. Thus the organisms have an opportunity to 
adapt gradually to the change in load. 
Hydraulic control of the sludge age devolves a greater onus 
on the designer and removes responsibility from the plant 
operator. It becomes essential that the designer calculates the 
sludge mass more exactly, to provide sufficient reactor volume 
under the design load to give the required concentration of 
MLSS. Also, the settling tank design, recycle and aeration 
capacities must be adequate. If these aspects are adequately 
designed, then with the hydraulic control of the sludge age, 
plant control is simplified and, on small scale plants, may even 
do a~ay with the requirements for solids and SVI tests except 
at long intervals. 
Selection of sludge age 
Selection of the sludge age for a plant depends on many factors 
including the quality of effluent required, the stability of the 
process, whether nitrification is required, whether the waste 
sludge must be suitable for direct discharge to the drying beds, 
and so on. Many agencies now demand a nitrified effluent and 
this requirement puts a lower limit on the sludge age which 
may or may not fix the minimum sludge age, depending on the 
temperature. As the nitrification requirement is likely to be a 
factor of increasing importance in the future, this discussion 
will be largely limited to the influence of the nitrification re-
quirement on the process design and operation. 
In the temperate regions where the water temperatures may 
fall to values below I O"C, to ensure all year round nitrification 
the sludge age is unlikely to be less than IO to 15 days. In con-
trast, in the tropics and sub-tropics where the water tempera-
ture may not fall below 20"C, nitrification can take place at 
sludge ages of 3 days or less, i.e. in the tropics it may be impos-
sible to design an activated sludge plant that will not nitri.fy. 
When nitrification takes place there is always the possibility of 
denitrification. The unit in the process where this is most likely 
to occur is in the secondary settling tank. 
Many design procedures for the settling tank incorporate a 
dual function for the tank: ( 1) for solid liquid separation and 
(2) for compaction of the sludge. The net mass of sludge to be 
separated in the settler is QXv. The mass entering the settler is 
(Q + Qr)Xv where Qr is the settler underflow. The overflow 
rate, or upward velocity in the settler is not affected by Qr but 
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depends only on Q (see Fig. 27). At steady state the density of 
the underflow Xvr is 
1 + r 
r 
where 
r = QI Qr and ( 1 + r)/r is called the densification ratio. 
To achieve the necessary densification the sludge mass must 
build up in the settler to give the required density at the bottom 
draw-off (see Fig. 27). Hence the sludge is retained in the set-
tler for a period depending on the densification required, the 
initial concentration, Xv, the geometry of the settler and tlw 
settling characteristics of the sludge. All things being equal, if 
the densification ratio is large (i.e. r is small), the retention time 
in the settler, to reach the required density, must be long and a 
considerable accumulation of sludge may occur in the settler. 
The residence time in the settler promotes denitrification, the 
degree of denitrification being ( 1) roughly proportional to the 
period of residence of the sludge, (2) greater as the sludge age 
decreases (proportional to the active mass, Xa), and (3) a func-
tion of the concentration of stored energy adsorbed onto the 
organism (Ekama and Marais, 1975; Stern, Wilson, Marsden 
and Marais, 1976). 
If denitrification takes place to a sufficient degree the sludge 
particles are buoyed to the surface and lost via the overflow of 
the settler. This phenomenon has been observed: At Bellvill!", 
South Africa, the plant loses sludge via the overflow during the 
latter part of summer, February-March, when the water temp-
eratures arc about 20"C. Sludge loss occurs every day towards 
the afternoon, near the end of the period of high flow and load, 
when the accumulation of sludge in the settler is at a 
maximum. Although the recycle is quite high (r = 2 b?sed on 
mean flow) sufficient sludge still accumulates to make denit-
rification significant at high temperatures. 
HIGH RECYCLE LOW RECYCLE 
SETTLED~ 
SLUDGE I l 
b • RECYCLE RATIO 
Xt • SLUDGE DENSITY IN REACTOR (mg MLSS/11 
Xr • SLUDGE DENSITY IN UNDERFLOW (mgMLSS/l) 
(b+ I) x x, • -b-. t 
Figure 27 
Increased accumulation of sludge in settler with decreased recycle 
At Brasilia, the Federal Capital of Brasil, the minimum an-
nual water temperature is 2<1'C so that nitrification takes place 
at sludge ages of3 days and less. The activated sludge plant has 
a recycle ratio of r = 0,5 maximum and the settler sheds sludge 
via the overflow all the year round. It has been found impossi-
ble to increase the MLSS to a value greater than 1 200 mg/I!. 
(which corresponds to a sludge age estimated of2,6 to 3 days) 
for then nitrification increases to such a degree that the sludge 
loss by denitrification is sufficient to reduce the sludge concen-
tration (and sludge age) again to about 1 200 mg/I!.; in this 
manner to achieve a state always verging on nitrification. 
When the sludge concentration was reduced to 1 000 or less (R, 
= 2 days) the problem became less acute, but the effluent qual-
ity suffered. At these low sludge ages the sludge consists almost 
wholly of the active mass fraction, Xa, and theoretically con-
tains an appreciable fraction of adsorbed energy so that denit-
rification is bound to be prominent. The situation should be 
alleviated to some degree ifthe recycle ratio could be increased 
to say 2, but this is unlikely to eliminate the problem. 
The discussion above points to two conclusions: 
( 1) In a nitrifying plant the settler can no longer serve the dual 
functions ofliquid-solid separation and sludge compaction; 
the function is changed to that of liquid-solid separation 
and minimising the holding time of the sludge by using 
high recycle ratios of say up to 1,5 to 2. The function of 
thickening must be taken over by a special settler. Once 
hydraulic control of the sludge age is instituted, the prob-
lem of thickening of the wasted sludge in any event passes 
from the secondary settler to the satellite settler. In the 
satellite unit liquid-solid separation and thickening by 
flotation is now both technically and economically feasible 
(Bratby and Marais, 1976). 
(2) It is highly desirable to incorporate into the plant design 
deliberate biological denitrification using the influent sew-
age as energy source (Barnard, 1975). The full denitrifica-
tion process need not be instituted, only the primary anoxic 
reactor. In the authors' experience with this partial denit-
rification, the process achieves greater stability, the SVl's 
are reduced and rising sludge in the settling tank is virtu-
ally completely repressed. The denitrification process 1s 
considered in detail in the fourth paper of this series. 
In the literature the range of SLR values of 0,2 to 0,5 kg BOD 
applied/day/kg MLSS is often quoted as one in which the settl-
ing characteristics of the sludge is optimum. This range of SLR 
corresponds approximately to a range of sludge ages 10,5 to 2,2 
days (Fig. 25). Referring specifically to the treatment of munic-
ipal wastewater, the authors' experience is that (1) bad settling 
sludges may be encountered at any sludge age, due to unde-
termined causes; (2) the frequency of bad settling increased as 
the sludge age was reduced below 10 days; (3) the frequency of 
bad settling increased as the temperature increased - very little 
trouble with bad settling was experienced at l 4°C; ( 4) bad settl-
ing or bulking, due to filamentous growths was always due to 
fine hair-like blue-green algae of unidentified species, never due 
to sphearotilus nutans; (5) over or under-aeration both induced 
bad settling sludges; (6) incorporation of a primary anoxic 
reactor invariably improved the settling characteristics of the 
sludge, but the time the organisms are under actual anoxic con-
ditions must not be too long, about I hour maximum; (7) bad 
settling is often indicated by a reduction in the stalked ciliates 
and an increase in the free swimming ciliates in the sludge. 
Investigating the settleability of sludges derived from muni-
cipal wastewaters, Pitman ( 1974) found that it was poorest at 6 
days sludge age and continually improved up to 20 days sludge 
age. The cause of poor settling was ascribed to the inordinate 
concentration of free swimming ciliates at 6 days, the concen-
tration decreasing as the sludge age increased. In England, 
studies at the Water Pollution Research Laboratories (1966, 
1967) showed that poor settleability was obtained in the range 
SLR 0,2 to 0,5 and good settleability outside this range. 
It is apparent from this discussion that there are numerous 
factors, many unknown, that affect the settleability of sludges 
so that the behavioural patterns observed on one plant may be 
specific to that plant only. 
Complete oxidation 
To avoid the complexity in operation arising from anaerobic 
digestion, there is a tendency at present to design for long 
sludge ages of 30 days or more so as to achieve a stable sludge 
suitable for discharge to the drying beds. 
In any event when nitrification-dentrification is built into the 
plant, the sludge ages will be about IO to 15 days. Once sludge 
ages of this magnitude are required, it would seem practical to 
increase the sludge age to 30 days as the oxygen requirement is 
only about 12 percent more (see below). 
There are a number of factors that must be considered when 
evaluating this problem. Comparing a R, 15-day plant with a 
R. 30-day plant: 
( 1) The sludge masses in the reactor are 
MXv30 1,58 
i.e. if the same concentration Xv is used in the two plants, the 
volume of MXv30 is about 60 percent greater than MXvl5. 




i.e. the rate of reaction does not improve with very long sludge 
ages; on the contrary the active sludge is simply "diluted" into 
a bigger mass of inert material. 
(3) In nitrification-dentrification plants augmented biological 
removal of phosphorus by luxury uptake occurs. The phos-
phorus removed is inter alia a function of the sludge age. If the 
input COD is the same, the mass of P that can be removed 
increases as R. decreases down to slud.ge ages of 10 to 15 days. 
However, it seems that the advantages of long sludge ages 
(i.e. direct discharge to drying beds) can be combined with the 
advantages of short sludge ages (i.e. enhanced phosphorus re-
moval, and smaller reactor volumes) by adding aerobic diges-
tion to the short sludge age plants. The following example illus-
trates these points: 
Compare the volume of reactor, oxygen demand and sludge 
constitution of the following three plants: (a) R0 = 15 days, (b) 
R. = 30 days, (c) R, = 15 days plus aerobic digestion to give a 
sludge of the same quality ~s from the R, 30 day plant. 
Water SA Vol. 2 No. 4 October 1976 195 
Assume MAS = 1, Y = 0,43, b = 0,24: 
R830: MXa = YR.I ( 1 + bR.) 
= 0,43.30/(1 + 0,24.30) = 1,57 
MX. = 0,2bR8MXa = 0,2.0,24.30.1,57 
2,26 
i.e. MXv = 1,57 + 2,26 = 3,83 
R.15: MXa = 0,43.15/(1 + 0,25.15) 
MX. = 0,2.0,24.15,1,40 




These masses are proportional to the volumes if Xv are the 
same for both plants, i.e. 
Vao:V15 = 3,83:2,41 = 1,59:1 
Sludge digestion 
Active fraction in plant is given by 1 ( 1 + 0,2bR.) 
R.30 active fraction = II ( 1 + 0,2.0,24.30) 
= 0,41 
R8 15 active fraction = 0,58 
Digestion required to reduce the R8 15 sludge to the same 
active fraction as R,30 is found as follows: 
R.30 mass of sludge wasted/day 
i.e. active mass wasted/day 
R8 15 mass of sludge wasted/day 
i.e. active mass wasted per day 
= 3,83/30 = 0,126 
= 0,126.0,41 = 0,052 
= 3,41/15 = 0,160 
= 0,160.0,58 = 0,093 
This means that the active mass from R8 15 must be reduced 
from 0,093 to 0,052, by aerobic digestion. 
Let the digestor be of the single flow through type, 
i.e. Rs = R, from Eq. (79) 
MXa = MXa /(1 + bR) 
0,052 = 0,093/(1 + 0,24R) 
i.e. R = 3,29 days 
Check if the inert material discharge by R830 and R8 l 5 plus 
digestion is the same. 
R.30: X;/d = 2,26/30 = 0,0753 
R.15 digestion= 1,01/15 + (0,093 - 0,052)0,2 
= 0,0755 
Hence they are the same. 
Oxygen demand 
R.30 MO/d = (1 - l,42Y) + 0,8.1,42.bMXa 
= 0,389 + 0,8.1,42.0,24.l,57 
= 0,816 
R.15 MOid = 0,389 + 0,8.1,42.0,24.l,4 
= 0,770 
Aerobic 
digestion = 1,42.0,8.Ll.MXa b.R 
= l,42.0,8.0,052.0,24.3,89 
= 0,046 
Hence for R.15 + digestion; MO/d = 0,770 + 0,046 := 0,816 
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R,15 + digestion 
0,816 
( 1, 12) 
R,15 + digestion 
2,94 







Should the influent to the digestor be densified say 10 times, 
the volume require~ents for R,15 + digestor (densified) equals 
0 5 + o,1.3,29) x 241 = 246 
15 ' ' 










The calculations above are for comparison only. However, 
they do indicate that considerable reactor volume can be saved 
by utilizing a 15 day sludge age plus an aerobic digestor with 
densified sludge, to give a stable sludge of the same character as 
a plant with 30 days sludge age. Moreover, the digested sludge 
liquor volume per day is very small, so that the supernatant can 
be lime treated to precipitate the phosphorus in the sludge from 
plants in which the activated sludge process is designed for en-
hanced biological phosphorus removal. It is also possible to 
design the digestor to remove some of the nitrate (see Appendix 
A). 
Comparison of Design Criteria 
The model developed in this paper sets out in detail the proce-
dures for design of the activated sludge process for steady state 
conditions. It is now of interest to compare the predictions of 
this theory with other design criteria. Comparison will be li-
mited to the carbonaceous oxygen demand for processes treat-
ing settled sewage only. 
Vosloo (1970) developed criteria from data obtained by 
Wurhmann (1964) and Hopwood and Downing (1965). He 
presented design values for sludge production and oxygen de-
mand in terms of the Sludge Loading Rate and sludge age. The 
oxygen demand was based on the accepted relationship bet-
ween the 5-day and ultimate BOD's. Von der Emde (1972) 
concisely set the design criteria proposed by the A TV Organi-
sation of Germany. Anderson (1973) derived equations for the 
Sludge Loading Rate, solids production per day and oxygen 
demand in terms of the sludge age based on the experimental 
results of Downing. Unfortunately, the source ofDowning's re-
sults are not listed. With regard to his equation for oxygen de-
mand, this yielded values "lower than those of Downing". 
As an example of American practice, the design procedures 
proposed by Metcalf and Eddy ( 1972) is selected. The follow-
ing equations are either given or derived from their work: 
MXv = Y.ML:..S.R,/( 1 + bR8 ) 
MO= 1,47 M.6.S - 1,42 MXvlR. 
MXr = MXvl0,8 
Ll.MXr = MXr!R, 
1,25 
0,7 
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Comparison of relationship between sludge age and sludge loading rate 
according to different design criteria 
where 
Y = 0,65 mg VSS/mg BOD5 removed/day 
b = 0,07 mg VSS/mg VSS/d at 20"C. 
The following parameters are shown plotted in Figs. 28 and 29 
for carbonaceous oxygen demand only. 
1. kg BOD5 load or BOD5 removed/MLSS versus l/R, and R, 
Fig. 28. 
2. kg 0/kg BOD5 load or BOD5 removed per day versus R., Fig. 
29. 
3. kg MLSS produced per day kg BOD5 load or BOD5 re-
moved per day versus R, Fig. 29. 
For comparison, plots are also shown of the relevant paramet-
ers based on the theory presented in this paper. 
The criteria exhibiting similar behaviour are those of 
Downing-Anderson and the authors. The sludge production per 
day and the SLR plots are almost identical. The oxygen de-
mand curves are parallel, the Downing-Anderson values being 
approximately 0, 7 of those of the authors'. If one notes that 
Anderson stated that his oxygen demands are lower than those 
originally proposed by Downing, it is quite likely that closer 
correlation could be expected with Downing's original data. 
With the exception of the oxygen demand curves, there is in 
fact, relatively little difference between the various criteria. 
With regard to the oxygen demand, if adequate provision for 
the daily peak demand is incorporated in the design, it is very 
likely that the application of any one set of criteria will result in 
satisfactory plant operation under the design loads. For exam-
ple in the procedures of Metcalf and Eddy, although the oxygen 
demand is significantly lower than that proposed by the theory 
in this paper, American practice requires an oxygen supply of 
50 percent greater than the steady state requirements, whereas 
the theoretical dynamic behaviour suggests a 30 percent in-
crease. The final oxygen provision comes out to be about the 
same. 
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Appendix A 
Comparison of the McKinney and the Lawrence and 
McCarty Models for the Activated Sludge Process 
No satisfactory theoretical comparison between the two models 
has been put forward. At first sight, the process equations de-
rived from the two theories appear so different that there is a 
tendency to accept that their application will lead to very diffe-
rent process designs. 
In order to make a rational comparison between the two 
theories it is necessary to reduce the process equations to equi-
valent forms: With this objective in mind the Lawrence and 
McCarty equation is accepted as the basis for comparison. 
In the text of this paper the Lawrence and McCarty model 
has been extensively discussed and the following pivotal equa-
tions derived for the long sludge age approximation. 
dXaldt = YKSXa 
dS/dt = KSXa 
(lA) 
(2A) 
Applying these equations in the CMAS system the following 
steady state equations were established: 
I/Rs= YKS - b 
Xa = Y(S; - S) R_. 
1 + bRs . R 
(3A) 
(4A) 
McKinney ( 1962) and McKinney and Ooten ( 1969) post-
ulated that under the same conditions governing Eqs. (IA) and 
(2A) above, the rate of synthesis of active mass concentrations 
is afimction only of the substrate concentration, 1.e. 
dXaldt = K's S (5A) 
K',, is a constant for a particular waste called the "synthesis 
factor" for it is associated with the synthesis of organisms from 
the substrate. 
They further postulated that the mass of organisms synth-
esized is proportional to the mass of substrate utilized so that 
the rate constants K'., and K' m must be related to the yield fac-
similar to Eq. (5A), i.e. 
dS/dt = K;,. S (6A) 
K;,. is a constant· for a particular waste; it is called the 
"metabolism factor" because the substrate which disappears is 
utilized in the metabolic process of the organisms, for the actual 
synthesis and for energy to synthesize. As the mass synthesized 
is proportional to the mass of nutrient utilized, this implies that 
the rate constants K's and K' m must be related to the yield fac-
tor Y, as follows: 
dXa/dt = YdS/dt 
or 
dXa = YdS 
Substituting Eqs. (5A) and (6A) in Eq. (7A) yields: 




Y = K' .IK' m (9A) 
Referring to Fig. 3 in the text, a substrate balance yields 
y dS= K;,,SV + S;Q- SQ 
dt 
Dividing by V, noting that V/Q = R, equating to zero for 
steady state and solving for S: 
(IOA) 
A solids balance on Xa yields: 
VdXa = K' ,SVdt - bX'aVdt - qXadt (llA) 
Dividing by Vdt, equating to zero for steady state and noting 
that V/q = R, and V/Q = R 
K',S 




Eqs. (IOA) and (l2A) are the basic process equations de-
rived by McKinney and should be compared with the corres-
ponding Eqs. (3A and 4A) of Lawrence and McCarty. 
A comparison of the two theories is made easier by reducing 
the relevant equations to equivalent forms. For this purpose 
Eqs. (3A and 4A) of Lawrence and McCarty are selected as the 
basis for comparison. McKinney's equations can be reduced to 
equivalent forms as follows: 
Eq. (IOA) can be written 
S1 -S 
S = K;,,R 
Substituting in Eq. (l2A) and reducing 
X =K',(S;-S) R, 
a K',,.1 + bR, R (13A) 





in Eqs. (IOA) and (12A) respecUvely are vari-
ables. Alternatively, if K' m is a constant (as postulated b?" 
McKihney) then K must necessarily b: a varia~le for compati-
bility. The two theories are therefore mcompat1ble. 
If the assumption is valid that K' ,/K' m = Y is a constant, 
then Eqs. (4A) and (13A) are identical, but ~qs. (3A) ~~d 
( I5A) 1 are then not necessarily so. Thus one obtams compat1b1l-
ity between the two theories insofar as they relate to slu~ge 
production, but not insofar as they relate to effiuent quality. 
This is not unexpected as Eq. ( I3A) requires knowledge of the 
valueiofS but is not involved in the determination ofS, a situa-
tion exactly the same as Lawrence and McCarty's theory [ (Eq. 
4A)]. It is in the determination ofS where the crucial difference 
between the two theories lies. 
Is ithis difference of practical importance? The relative values 
of S 'as determined by the two theories may differ by several 
hundred percent, but the absolute difference is, in fact, negligible 
becahse the values of S in both theories are usually very low. 
Consequently, the calculation ofXa from Eq. (14A), utilizing 
eithdr Eq. (3A) or Eq. (I OA) to determine S, leads to negligible 
differences in the active sludge mass concentrations. 
Although the practical effect of using the two theories is a 
negligible difference in both the active mass concentrations and 
I 
the effiuent quality, the conceptual difference is of prime impor-
tance: In McKinney's theory the effiuent quality, S, is solely a 
function of the retention time, [ (Eq. lOA)], the sludge age being 
immaterial, whereas in Lawrence and McCarty's theory the 
effiuent quality is solely a function of the sludge age [ (Eq. 3A)], 
the retention time being immaterial. 
Appendix B Substituting Eq. (9A) in Eq. (l3A) 
X = y (S1 - S) Rs 
a 1 + bR, R (l 4A) Aerobic Digestion with Dentrification 
Eq. (l4A) is identical to Eq. (4A) derived by Lawrence and 
McCarty. 
In Eq. (l2A) solving for l/R, 
K' 
l/R, = -'S- b 
Xa 
Substituting from Eq. (9A) 
l/R, = Y(K;,,/Xa)S - b (15A) 
Eq. (15A) is similar in form to Eq. (3A) derived by Lawrence 
and McCarty. For compatibility between Eqs. (3A) and (15A) 
it is necessary that 
K;,,!Xa = K 
Now Xa is not a constant, hence ifK is to be a constant (as 
postulated by Lawrence and McCarty) then K;,, necessarily 
cannot be a constant (as postulated by McKinney) but must be 
proportional to Xa; furthermore, if Y is a constant then both 
Consideration will be given only to a single stage aerobic diges-
tor having a dentrification stage. The configuration is given in 
Fig: lB. The contents of the digestor are nitrified in reactor 2 
I 
and recycled to the anoxic reactor (which also receives the 
influent flow). In anoxic reactor I the nitrified digestor content 
is d1enitrified. 
ANOXIC AERATED 
N1 ,N 1 • NITRATES 
Figure JB 
Proposed process for aerobic digestion with denitrification 
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The reduction of active mass through this system can be 
modelled directly by the theory on the die-off offeacal bacteria, 
proposed by Marais (1974). Basic assumption (for our pur-
pose) is that endogenous mass loss continues under anoxic 
conditions at the same rate as under aerobic conditions, Stern 
and Marais ( 1974). The following sequence of equations is re-
quired: 
where]= 
(bR1 +a+ I)(bR:i +a+ I) 








Equations ( lB and 2B) relate the concentrations in the two 
reactors to the retention times R1 and R:i, and the recycle rate, 
a. Initially RI> to give optimal nitrate removal, is unknown. 
The problem is amenable to direct solution, but this is so com-
plex that it is not practical. An alternative approach is a trial 
method which is best explained by means of an example: 
Influent Xa; = I 0 000 mg/I!, total retention time of system 
selected as 15 days. Design the system to give 90% reduction of 
nitrates generated. Temperature 20"C, i.e. b = 0,24. 
Recycle required 
The retention time in the anoxic reactor must be sufficient to 
reduce all the nitrate recycled to it, i.e. N2 = 0. Also, as the 
nitrate is formed in the aerobic digestor reactor it is not possible 
to remove the nitrate completely as the effluent and recycle 
flows have the same nitrate concentration. Say x percent is to 
be removed then recycle, a, must have a value given by: 
_a_= 100-x 
a+ I 100 
(3B) 
i.e. if x is 90 percent, a = 9. 
Anoxic reactor retention time 
At recycle rates a ? 6, Xm and Xa2 will not differ greatly. This 
approximate equality provides a means for estimating R1 . 
Assume Xa1 = Xa2 = Xa. the concentration from a single 
aerobic reactor with 15 days retention. Then from Eq. (90): 
x = a IO OOO = 2174 mg/I! 0,24.15 + I 
Nitrate generated (Eq. 98) = (X,,; - Xa)0,8.0, I = 626 mg/I!. 
Nitrate available for dentrification, N2 , (using a recycle of a= 
9) = 0,9.626 = 563 mg/I! N03-N. 
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Doing a mass balance for the nitrates on the anoxic reactor, 






system nitrate removal, mg/I! 
nominal retention time of anoxic reactor 
(V/Q), days 
endogenous respiration dentrification 
0,055 mg N03-N)mg ML V ASS/d at 
(Stern and Marais, 1974) 




It is now possible to check the design by means of the exact 
equations. 
From Eqs. (IB and 5B), substituting R1 = 4, R2 = 11, a= 9, 
and X,,; = IO 000, we have Xa2 = 2062, Xa1 = 2605. 
Nitrate generated 




= 0,08(Xa;- Xa2) = (IO 000- 2062)0,08 
= 635 
635.0,9 = 5 72 mg/I! 
KXa;R = 0,55.2605.4 
573 
which, in this case, is just satisfactory. 
The pe;iod an organism is under a continuous anoxic state in 
the anoxic reactor, R1,,, is given by: 
R1 4 
Ria =(a + 
1
) .24 = TO .24 = 9,6 hr. (6B) 
Effluent nitrate concentration = 0, 1.635 = 63,5 mg/I!. 
Lime addition may still be required to keep the pH above 7. 
If phosphorus removal is more important than nitrate re-
moval, lime addition to the reactor without an anoxic stage 
may be preferable. The lime will be neutralized to Ca(N03)2 
and if the pH is maintained at above 8, calcium phosphate 
should be precipitated as the Ca++ ions are increased consider-
ably, to exceed the [Ca] [P04] solubility product. 
The oxygen requirements could be calculated from the 
theory given in the paper. 
The theoretical considerations above have not been tested 
experimentally. 
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A GENERAL MODEL FOR THE 
ACTIVATED SLUDGE PROCESS 
P. L. Dold, G. A. Ekama and G. vR. Marais 
Water Resources and Public Health Engineering, University of Cape 
Town, Rondebosch, C.P., Republic of South Africa 
Abstract 
A comparison of experimental data with those predicted by the mathematical 
model ·of Ekama and Marais (1978) describing the dynamic behaviour of the 
completely mixed activated sludge (CMAS) process, indicated that certain 
hypotheses in this model needed replacement. The following principal 
changes were made: (1) The energy requirement for adsorption was re-
placed by a bi-substrate hypothesis. In this hypothesis municipal waste-
waters are taken to consist of two substrates - a rapidly biodegradable 
soluble and a slowly biodegradable particulate substrate. The growth 
behaviour of the former is in accordance with the classical ·Monad (1950) 
formulation; while the growth behaviour of the latter is controlled by 
the rate of extracellular enzymatic breakdown of the large complex mole-
cules to simpler ones before transference through the cell walls. (2) 
The extracellular growth-limiting reaction is modelled by an active site 
theory and replaces the modified Blackwell (1971) equation for synthesis 
of stored particulate Substrate. (3) The classical endogenous respira-
tion concept is replaced by a death-regeneration one. Incorporation of 
these concepts in the CMAS process equations give excellent description 
of the process behaviour (oxygen utilization rate, volatile solids pro-
duction, COD, TKN, nitrate) under constant and cyclic flow and load con-
ditions for single and multiple reactor configurations. The model 
allows extension to the single sludge nitrification-denitrification and 
the contact stabilization processes although these are not discussed in 
this·paper. 
INTRODUCTION 
In 1979, Ekama and Marais presented a dynamic model for the aerobic activated sludge 
process, including nitrification. This model gave a good description of the re-
sponse of single and series reactor process configurations under steady and cyclic 
loading conditions at different temperatures. Further research on the model indi-
cated that it appeared to be amenable to extension to both the contact stabilization 
activated sludge process and the single sludge nitrification-denitrification activated 
sludge process utilizing the influent COD as energy source. I~ developing these 
extensions it became clear that there were deficiencies in the basic model but from 
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an interactive development of the three processes, a modified kinetic theory was 
evolved. This modified theory appears to be of greater generality and allows the 
integration of the aerobic and anoxic-aerobic activated sludge processes. 
This paper describes the modifications to the basic kinetic.relationships, ~nd 
application of the modified model to aerobic single and series reactor con~1~ura­
tions under steady and cyclic loading conditions. Application of the mod1f1ed 
model to the contact stabilization and anoxic-aerobic systems include features 
peculiar to these processes and is discussed in separate papers. 
DESCRIPTION OF THE ORIGINAL MODEL 
Carbonaceous Ener Removal 
The-Marais and Ekama 1976 model was developed from that of Lawrence and McCarty 
(1970). The latters' model accepted the Monod equation which relates the specific 
organism growth rate with the concentration of substrate surrounding the organism. 
They also accepted that, concomitant with growth, there is a continuous loss of 
volatile mass (endogenous respiration) at a constant specific rate with respect to 
the volatile mass. In terms of these basic biological reactions, Lawrence and 
McCarty (1970) developed the equations for the behaviour of the completely mixed 
activated sludge (CMAS) process under steady state conditions for determination of 
. the effluent and sludge concentrations. 
Marais and Ekama (1976) incorporated into the Lawrence and McCarty model some of 
the concepts proposed earlier by McKinney (1962), i.e. the generation of endoge-
nous residue due to endogenous respiration and the accumulation of inert volatile 
solids due to the presence of this material in the influent. Furthermore, on 
the basis of a constant equivalence between organic mass (VSS) and substrate (COD), 
they functionally integrated the oxygen consumption with the growth and endogenous 
respiration. 
The major advantage of the Marais and Ekama (1976) model is that it (1) distinguishes 
between the active and inert sludge fractions, (2) expresses the biological re-
actions in terms of active mass, and (3) allows the oxygen utilization rate to be 
determined directly from the biological reactions. Application of this modified 
model to the single reactor CMAS process with domestic wastewater as influent 
under constant load and flow conditions gave a very good description of the process 
behaviour over a range of sludge ages and temperatures. Later (Ekama and Marais, 
1978) this model was also found to give a good correlation between predicted and 
experimental data when square wave cyclic loading conditions were imposed on the 
process with glucose as influent substrate (Fig. 1). An important consequence 
of this work was a recognition of the oxygen utilization rate as a most sensitive 
parameter against which the activated 'sludge theory can be tested. 
In 1979, Ekama and Marais applied the model to cyclically loaded CMAS processes 
receiving domestic wastewater as influent. At low sludge ages (Rs = 2,5 days) it 
was found impossible to correlate the predicted and observed oxygen consumption 
rates (Fig. 2). At the instant of feed termination a precipitous change in the 
oxygen consumption rate was observed, thereafter the rate continued for l ,5 to 2 
hours at a rate of about 90 per cent of that measured just before the feed ter-
minated; this was followed by a period of approximately 5 hours during which the 
oxygen consumption rate gradually decreased until, fairly abruptly, the rate 
steadied at a value which could be associated with endogenous respiration. 
Eka~a and Marais ascribed the difference between the observed and predicted re-
sponse to the nature of the influent .substrate: In domestic waste flows 60 to 70 
per cent of the COD is in a fine particulate form (Morris and Stumm, 1960; Ford 
and Eckenfelder, 1967; Wilson and Marais, 1976). The utilization of particulate 
A general model for the activated sludge process 
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Fig. 1. Comparison of the theoretical response waves predicted by the Marais 
and Ekama (1976) model with those observed experimentally for daily 
cyclic square wave loading conditions at 2,5 days sludge age and 
temperature 20°C, with glucose as substrate. 
substrate necessarily requires to be preceded by adsorption and storage on the 
organism, followed by extracellular enzymatic breakdown prior to transfer through 
the cell wall. Hence, they incorporated an adsorption mechanism to store the 
particulate biodegradable.material on the organism. The adsorption mechanism 








substrate transfer rate (mg COD/mg VASS/d) 
active volatile solids concentration (mg VASS/~) 
(1) 
biodegradable substrate concentration in the liquid phase (mg COD/~)· 
stored substrate concentration (mg VSS/~) 
maximum fraction of substrate than can be stored on the active organism 
mass (mg VSS/ mg VASS) 
To explain the precipitous drop in oxygen consumption rate at feed termination, 
Ekama and Marais (1979) hypothesized that this may be due to an energy requirement 
for carbonaceous substrate adsorption. They further hypothesized that all the 
biodegradable COD in the domestic wastewater can be taken to be of a particulate 
nature; even though approximately 30 per cent of the COD is not removed by fil-
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Fig. 2. Comparison of the theoretical response waves predicted by the Marais 
and Ekama (1976) model with those observed experimentally for daily 
cyclic square wave loading conditions at 2,5 days sludge age, pH 7,0 
and temperature 20°C. 
molecules which als.o require extracellular enzymatic breakdown. Consequently, 
th~y accepted that all biodegradable COD must pass through the adsorption and 
storage phase. Having accepted the hypothesis that biological adsorption is an 
energy demanding reaction, they utilized the step change in oxygen consumption 
rate to determine the energy required for adsorption and storage of COD, and cal-
culated it to be 7,8 per cent of the COD mass removed from the bulk phase. 
Utilization. of the stored substrate for synthesis was modelled by a Monad type 
relationship linking the stored substrate concentration to the specific growth 
rate of the active organisms, i.e. 
growth yield coefficient in terms of stored substrate as mg COD/t 
(mg VSS/mg COD) 
maximum specific substrate utilization rate (mg COD/mg VSS/d) 
half saturation coefficient (mg COD/i) 
COD:VSS ratio (mg COD/mg VSS) 
(2) 
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This relationship had been proposed by a number of previous investigators 
(Blackwell, 1971; Jacquart, Lefort and Rovel, 1973; and Busby and Andrews, 1973) 
and Ekama and Marais found it adequate for modelling the synthesis of stored 
COD reaction. 
Nitrification 
The Ekama and Marais (1979) model for biological nitrification was based on the 
model proposed by Downing, Painter and Knowles (1964). In this model the Monod 
formulation is used to relate the ammonia substrate concentration to the specific 
growth rate of the nitrifying bacteria. However, the Downing model does not 
consider the effect of the presence of organic nitrogen on the nitrification 
kinetics. The incorporation of the influence of organic nitrogen into the model 
required two extensions: 
1. It was necessary to include a conversion of the organic nitrogen derived 
from the influent and from endogenous mass loss to ammonia, a relatively slow 
reaction. This explains the experimental observation that, in certain situa-
tions, the nitrification rate is apparently no longer governed by the ammonia 
concentration, but rather by the rate of conversion of organic nitrogen to 
ammonia, · 
2. Storage of COD necessitated the inclusion of storage of organic nitrogen. 
With these modification, the model was found to give a satisfactory correspondence 
with TKN, ammonia and nitrate concentrations observed during daily cyclic square 
wave loading tests. 
MODIFICATIONS TO THE MODEL 
Criticism of the Ekama and Marais (1979) model will be discussed under a number of 
headings: 
Energy Demand for Adsorption 
Thermodynamically, the adsorbed state is associated with a lower energy level than 
the unadsorbed one. Should this be true also for the biologically mediated 
adsorption of organic material onto the organisms, the hypothesis that the adsorp-
tion is energy demanding would appear to be suspect. This doubt was reinforced · 
subsequently when experiments on CMAS behaviour using a soluble, easily biode-
gradable substrate (glucose) were performed. .Under square wave cyclic loading 
conditions the oxygen utilization rate showed a precipitous decrease at feed ter-
mination and generally the response of the plant was in accordance with the predic-
tions of the modified Lawrence and McCarty model, (Fig. 1). These pure substrate 
expreiments led to the hypothesis that municipal wastewater is composed of two 
fractions: (a) a readily assimilable soluble fraction which is utilized at a very 
rapid rate, and (b) a slowly biodegradable particulate fraction which requires 
storage and enzymatic breakdown prior to transfer through the cell wall. In terms 
of this hypothesis the step change in the oxygen consumption rate at feed termina-
tion using municipal wastewater, (Fig. 2), may be attributed to the cessation of 
the oxygen utilization for the metabolism of the rapidly biodegradable substrate 
(COD) fraction in the influent. Subsequent to the step change the behaviour 
remains a consequence of the storage of COD derived from the particulate, slowly 
biodegradable portion of the influent - indeed the mechanism of adsorptirin and 
storage of particulate COD remains unchanged, except that this operates on only the 
pa rt i cu 1 ate fraction of the influent and does not require energy for adsorption. 
In order to simulate the step change at feed termination with the bisubstrate 
hypothesis, approximately 24 per cent of the biodegradable COD in the influent 
necessarily must be readily assimilable. This was developed as follows: In the 
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synthesis reaction the oxygen requirement constitutes 34 per cent of the COD 
metabolized; the balance, i.e. 66 per cent, becomes new cell mass (Marais and 
Ekama, 1976). The fraction of the biodegradable influent COD which is rapidly 
assimilable therefore, is 1/0,34 times the size of the step change in the oxygen 
utilization rate, i.e. 0,08/0,34 = 0,24. This fraction is not unreasonable 
when it is noted that 30 to 40 per cent of the COD in domestic wastewater is 
apparently.soluble. 
F6le of Adsorption 
Adsorption is an example of a mass transfer process and its formulation, as ex-
pressed in Eq. (1) is in conformity with mass transfer principles. For this 
reason there appeared to be no need to reconsider its formulation, i.e. Eq. (1) 
was retained. 
Role of Enmeshment 
From the behaviour of the experimental CMAS process the complete insensitivity of 
the effluent COD to severe cyclic load variations could not be explained by the 
adsorption hypothesis alone. It was necessary to make an additional hypothesis 
that all the particulate material not adsorbed was enmeshed in the sludge mass, 
densified in the settling tank and recycled to the reactor. This hypothesis has 
powerful support from the observation·that inert particular material does not 
appear in the overflow from the settling tank. 
Synthesis of Active Mass 
Acceptance of a bi-substrate hypothesis immediately introduces the problem of the 
reaction of the organism mass to the two substrates. The exact mechanism cannot 
yet be stated explicitly but, from an extensive simulation study, it appears that 
the two substrates are acted on independently by the same active mass and that the 
sludge synthesized is the sum of these two metabolic reactions. 
Soluble substrate. The synthesis of active mass from the readily assimilable 
substrate fraction was formulated identically to that of Lawrence and McCarty 
(1970) i.e. a Monod relationship linking the specific growth rate of the active 
mass to the soluble substrate concentration in the liquid phase: 
soluble biodegradable substrate concentration {mg COD/l) 
maximum specific substrate utilization rate for souble substrate 
{mg COD/mg VSS/d) 
half-saturation coefficient for soluble substrate (mg COD/i) 
(3) 
Gaudy, Obayshi and Gaudy (1971) have criticised this relationship as inappropriate 
for modelling transient behaviour of the activated sludge process treating readily 
assimilable soluble substrates: they found that the relationship did not accurately 
predict the change in organism growth behaviour for a period after a step change in 
the feed rate. 
The behaviour observed by Gaudy, Obayshi and Gaudy can perhaps be attributed to 
differences in the experimental conditions: They were concerned with the transient 
behaviour between two steady state conditions where, over the duration of an experi-
ment, the change in the food to micro-organism ratio was in the order of 170 times. 
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In contrast, the activated sludge process is usually concerned with comparatively 
small perturbations about a steady state condition, in which the peak food to 
micro-organism ratio is at most 5 times the average value. 
Particulate ·Substrate. Utilization of particulate substrate requires (1) adsorp-
tion and storage, (2) extracellular enzymatic breakdown of the complex organic 
molecules to simpler ones in order to pass through the cell wall for (3) synthesis 
by the organism. The overall reaction rate is slow - an order of magnitude slower 
than that for a soluble substrate such as glucose. The limiting rate is unlikely 
to be in the metabolism of the material that has passed through the cell wall, for 
that material is probably of a similar nature to glucose and consequently is meta-
bolized at a very rapid rate. More likely, the limiting rate is determined by th.e 
rate of extracellular breakdown of stored particulate substrate to smaller mole-
cular units. If this explanation is accepted, then Eq. (2) is no longer appro-
priate to formulate the growth rate of the active mass when utilizing particulate 
substrate as it does not take cognizance of the true rate limiting mechanism 
namely, the rate of extracellular enzymatic breakdown. Equation (2) can be justi-. 
fied only by reason that its use has given satisfactory predictions of the dynamic 
behaviour of the CMAS process treating domestic wastewater. However, this justi-
fication now can be shown to be no longer valid: When applied in simulations of 
the BOD-time curve in the BOD test on municipal effluents, where the initial 
active mass concentration is very small (probably<< l mg /i), virtually no growth 
(and no oxygen demand) and no removal of the particulate biodegradable organic 
fraction in the BOD sample was predicted for the utilization of the particulate 
BOD. Also, when Eq. (2) was applied in the prediction of the behaviour of the 
aerated lagoon activated sludge process, at sludge ages (retention times) less 
than two days and low temperatures (12°C), a behavioural pattern was predicted 
that indicated an insufficient sludge growth rate and partial failure by washout. 
An in-depth study of the anomalous behaviour described above indicated that it 
arises from Eq. (2): The adsorption and synthesis mechanisms (Eqs. 1 and 2) res-
pectively, operate in coraunction. From Eq. (1) it is apparent that the stored 
substrate concentration (Xs) is restricted by the active mass concentration (Xa) 
and the value of the maximum fraction of substrate that can be stored on the 
active organism mass (fma>· From simulation studies and evidence in the literature 
(Porges, Jasewicz and Hoover, 1952), fma appears to have a value approximating 
unity. Consequently when Xa is low, Xs is ne~essarily also low and from Eq. (2) 
the synthesis rate also will be low. This is contrary to expectation, for, in 
such a situation the growth rate should be close to the maximum because there is a 
large amount of Xs relative to Xa. This deficiency stems from the fact that the 
stored substrate is defined in concentration units relative to the bulk liquid 
phase. Preferably, it should be defined relative to the active organism concentra-





x = v 
Xs/Xv (mg VSS/mg VSS) 
half saturation coefficient for synthesis (mg VSS/mg VSS) 
total volatile solids concentration (mg VSS/K.) 
(4) 
By accepting Eq. (4) a more rational formulation is achieved, but now the relation-
ship is completely empirically based. For this reason an alternative approach, to 
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formulate the synthesis rate limiting equation in terms of surface mediated reac-
tions was sought. Levenspiel (1972)proposed that such reactions may be modelled 
in terms of the nunber of adsorption sites that are saturated by means of a satura-
tion type relationship as follows: 
(5) 
where 
r a reaction rate 
K1,K2 constants 
Cas concentration of reactant at the active surface in moles/unit area. 
Applying Eq. (5) to the extracellular reaction, the stored substrate per unit area 
of active mass may be approximated by (X /Xa)n, where n depends on the volume to 





maximum specific substrate utilization rate using stored 
substrate {mg COD/mg VSS/d) 
half-saturation coefficient {mg COD/mg VSS) 
(6) 
n factor depending on the volume to surface area ratio for the active mass. 
If the active mass is assumed to be a planar surface, then n = 1, if a spherical 
surface, than n = 2/3. However, different values of n resulted in inconsequential 
differences in the theoretical predictions of the mathematical model, when com-
pared with the experimental observations. Consequently, it was accepted that the 
active mass adsorption surface is planar, i.e. n = 1. Equation (6) may then be 
reduced to: 
l dXa - f K~p(X/Xa) l 
xa dt - Y h ( K' /P) + ( x / x ) sp s a 
(7) 
Equation (7) is of the same structure as that of Stenstrom {Eq. 6) except that the 
term (Xs/Xa) in Eq. (7) replaces (Xs/Xv) in Eq. (6). This modification is, in 
fact, rational for the active sites are present only on the active mass fraction 
of the sludge. Thus, by utilizing surface reaction mechanism a rate limiting 
equation for synthesis of particulate biodegradable substrate can be established. 
When Eq. (7) was incorporated in the mathematical model, application of the model 
to the suspension mixed aerated lagoon indicated an acceptably high sludge growth 
rate even at retention times as low as 12 hours. Similarly, a significant im-
provement in predictions of the BOD-time curve was obtained. Equation (7) there-
fore was accepted as the rate equation for synthesis of particulate biodegradable 
substrate. 
Endogenous Respiration 
The phenomenon commonly known as endogenous respiration manifests itself by a 
reduction of active volatile mass per unit active mass per unit time when there 
is no biodegradable substrate present.fhe mass of sludge mass that disappears is 
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utilized by the organisms and therefore is directly equated to the oxygen consump-
tion for endogenous respiration. An unbiodegradable fraction remains, and accu-
mulates in the process as endogenous residue. 
Endogenous respiration has been attributed to an energy requirement for organism 
maintenance, where a fraction of the organism mass disappears to provide energy 
for maintenance of the mass remaining. In.order to make the energy available an 
electron acceptor must be present; in the activated sludge process, either oxygen 
or nitrate can serve as the electron acceptor. /l, major problem in modelling the 
single sludge nitrification-denitrification process was encountered in situations 
where both the oxygen and nitrate concentrations in a reactor are zero, for 
example when nitrate has been completely denitrified in an anoxic reactor. When 
no oxygen or nitrate is present, maintenance energy cannot be released. What 
happens to the organism under these circumstances? 
Dissolved oxygen and nitrate deficient conditions can be accommodated by introdu-
cing a qualitative change in organism behavioural pattern. However, this presen-
ted comp 1 i cations in the model which hardly seemed justified when the basic en-
dogenous respiration mechanism was not clearly delineated. Consequently, the ob-
jective became to find a simple alternative model which could rationally answer 
the inconsistencies regarding endogenous respiration in both aerobic and anoxic 
conditions, and also in situations where aerobically generated organisms are 
placed in an anaerobic state for a short period. This led to the development of 
the death-regeneration model. 
In the death-regeneration model an attempt is made to separate out reactions which 
possibly take place during the "death phase" of the organisms. It is hypothesized 
that the percentage of live mass that disappears in fact dies, lyse biodegradable 
substrate back into the liquid, and leaves the balance as unbiodegradable en-
dogenous residue. The lysed biodegradable substrate is added to the biodegradable 
COD in the liquid and passes through the same phases of adsorption, storage and 
storage abstraction for synthesis. This approach, in effect, implies that en-
dogenous respiration (cell maintenance) per se does not exist and that oxygen is 
consumed only for synthesis of new cell material from the lysed energy. By appro-
priate selection of constants, the two approaches lead to the same quantitative 
result in aerobic systems as the two approaches are linearly related; this can be 
shown to be so as follows: 
Endogenous res pi ration formulation: (Approach 1). Let bb be the nett endogenous 
respiration rate constant per day for heterotrophic organrsms, then 
dXa£/dt = - bhXa (mg VSS/£/d) 
where 
Xa£ = active organisms lost due to endogenous respiration. 
(8) 
A fraction, f, of the live mass that disappears is unbiodegradable and remains as 
endogenous residue, i.e. 
(mg VSS/£/d) 
The nett volatile mass that dis.appears from the system per day (mg VSS/£/d) is 
directly equated to oxygen consumption for endogenous respiration, i,e, 
(9) 
( 10) 
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where 
Oe oxygen consumption rate for endogenous respiration (mg 0/9.,/d). 
From an extensive investigation into aerobic digestion of .activated sludge, Marais 
and Ekama (1976) concluded that, at a fixed temperature, bh is constant and inde-
pendent of sludge age - at 20°C b = 0,24. Tl'le value off was found to be 0,20 
and agreed with values reported i~ the literature (McKinney and Symons, 1964). 
Death-regeneration formulation: (Approach 2). Let the actual die-off rate con-
stant _of the active organisms be bh per day. Let the actual unbiodegradable 
fraction be f'. Thus, the active mass lost (X~Q,) due to organism die-off is giVen 
by: 
b'X 
h a (mg VSS/£/d) ( 11) 
The mass of biodegradable COD (S~a£) released back into the liquid is given by: 
dS' /dt = P(l - f')b'X {mg COD/£/d) xa£ h a ( 12) 
The mass of organisms synthesized (X~g) from this COD is given by: 
dX~g/dt = YhP(l - f')bhXa {mg VSS/£/d) ( 13) 
The equivalent COD of the mass synthesized (S~ag) is given by: 
dS' /dt = PY P(l - f')b'X (mg COD/£/d) xag h h a (14) 
The oxygen consumption associated with this synthesis of mass is the difference 
between Eq. (12) and Eq. (14): 
0' e P(l - f')bhXa - PYhP(l f' )b' x h a 
(l - PYh)P(l - f')bhXa (mg 0/£/d) ( 15) 
The build up of unbiodegradable ce 11 materi a 1 , Xe' is: 
dX/dt = f'b'X (mg VSS/£/d) (16) h a 
Under steady state conditions, (ignoring storage of COD) both approaches must 
yield the same results, i.e. the endogenous residue given by Eqs. (9 and 16) must 
be equal. Also, in the second approach the nett mass lost is the difference be-
tween Eqs. (11 and 13) and must be equal to that given by Eq. (8). Two equations, 
with two unknowns, f', and bh are obtained: 
f'b' 
h 
- bh + YhP(l - f')bh 
Solving for f' and bh in Eq. (17) and Eq. (18): 
b' = 
(1 - YhPf) 
bh h (1 - YhP) 
( l - YhP) 
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Substituting Yh = 0,45, P = 1,48, f = 0,2 and bh = 0,24, (after Ekama and Marais, 
1978) into Eq. (19) and Eq. (20) yields bh = 0,62 and f' = 0,08. 
The oxygen consumption for both approaches should be equal. Substituting the res-
pective values for bh• f, Yh and P into Eq. (10) the oxygen consumption for en- · 
dogenous respiration (Approach 1) is: 
(mg 0/R-/d) (21) 
Substituting the respective values for bh• f~ Yh and P into Eq. (15) the oxygen uti-
lization for cell synthesis from lysed COD (Approach 2) is: 
o~ = 0,285 xa (mg 0/R,/d) 
The two approaches therefore yield identical results when steady state conditions 
are considered (storage of COD neglected). However, under dynamic conditions when 
all the biodegradable COD must pass through the various stages of COD adsorption, 
storage and finally synthesis, the second approach gives slightly different 
results. 
Implications of the death-regeneration approach lead to some important results: 
1. The actual unbiodegradable fraction of the cell is only 8 per cent instead 
of the usually reported value of 20 per cent. It seems that an unbiode-
gradable fraction for cell mass of 8 per cent seems to be more acceptable 
to micro-biologists than 20 per cent. 
2. The actual death rate of the organisms is very high - 62 per cent of the 
active population disappears per day, and from the energy released through 
the lysis of the biodegradable cell material to the liquid phase, 39 per 
cent is resynthesized, resulting in a nett loss of 24 per cent per day. 
This implies that the bacterium's life is very short. With a death rate 
of 0,62 per day, 90 per cent of the organism population is replaced in 3,7 
days, i.e. a half life of 1,1 days. This result is substantiated by the 
observation that the activity of the active organism mass remains approxi-
mately constant even at every long sludge ages, as there is continuous 
death and regeneration of active cells.* 
The actual behaviour of the organisms is probably somewhere between the two ex-
treme pproaches. However, this is difficult to establish as even micro-
biologists are uncertain of the behaviour of organisms in the "declining growth 
phase" (Postgate, 1976; Dawes, 1976 and Trinci and Thurston, 1976). 
From a simulation study utilizing the two approaches in the mathematical model, it 
appears that, insofar as dynamic modelling of the aerobic activated sludge process 
is concerned, there is l i tt1 e to choose between them; nor does it appear to be of 
any consequence whether the energy released through the lysis of dead cell material 
is recirculated as readily assimilable substrate, or as slowly biodegradable 
* This was determined as follows: Oxygen consumption rate tests were performed 
over a period of 10 days on batch samples taken from steady state activated sludge 
processes operated at sludge ages ranging from 2,5 to 30 days. In all the tests 
at a fixed temperature, the ratio of the measured oxygen consumption rates of any 
two consecutive days remained approximately constant. This appears to indicate 
that the activity of the active mass per unit of active mass remains approximately 
constant and is independent of sludge age (Marais and Ekama, 1976). 
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substrate. However, to obtain a response which correlates satisfactorily with the 
experimental data, it is necessary to increase the soluble substrate synthesis 
rate constant, Kms, (Eq. 3), or to increase the particulate substrate adsorption 
and synthesis rate constants, Ka, and Km, (Eqs. l or 2), depending on whether the 
energy is assumed to be soluble or slowly biodegradable. These adjustments arise 
in order to take into account resynthes is, or readsorpti on and resynthes is of the 
biodegradable substrate originating from the lysis of dead cell material. 
The effect of the death-regeneration approach is that biodegradable substrate 
originating from the lysis of dead cell material is circulated through the adsorp-
tion and/or synthesis pathways, with oxygen being consuried only in the resynthesis 
of this substrate to active mass. This additional substrate (i.e. over and above 
that originating from the influent sewage) increases the load on t:1e active or-
ganism population, which is reflected in the higher values for the kinetic con-
stants Ka and Kmµ or Kms relative to their values when modelling only the nett 
effects as in the endogenous respiration approach. 
It is possible to come to a more positive decision as to which approach, i.e. en-
dogenous respiration or death-regeneration, is preferable when modelling the ac-
tivated sludge process incorporating denitrification, i.e. by including anoxic 
reactors in the process configuration. When aerobically generated organisMs are 
placed in an anoxic environment, only those capable of utilizing nitrate or 
nitrite as electron acceptors continue to abstract energy from the organic com-
pounds for growth. It seems that, provided nitrate is present, the behaviour of 
the organisms in the anoxic environment is similar to that in an aerobic environ-
ment - the substrate utilization rate of the easily biodegrable material (Kms) in 
an anoxic environment is approximately equal to that in an aerobic environment and 
the substrate utilization rate of the slowly biodegradable material in an anoxic 
environment is approximately 40 per cent of that in an aerobic reactor irrespec-
tive of whether the pre- or post-denitrification reactor is considered. (Van 
Haandel ,Ekama and Marais, 1980). 
When the nitrate concentration becomes effectively zero, the advantage of the death-
regeneration approach to organism behaviour becomes particularly evident. Synthe-
sis reactions cease, but organism death, with its associated lysis of biodegradable 
material continues, resulting in a build up of biodegradable material in the reac-
tor. This accumulation can be considerable so that when the mixed liquor enters 
the aerobic reactor, in which oxygen is available as an electron acceptor, the 
aerobic biodegradation of the accumulation of biodegradable substrate causes a 
high oxygen utilization. In accordance with· experimental observation (Ekama, Van 
Haandel and Marais, 1979) this is a rate much higher than that obtained when em-
ploying the endogenous respiration approach for with the latter, the accumulation 
of biodegradable substrate through cell lysis does not take place. In this respect 
the death-regeneration approach proves a convenient, simple and reliable framework 
in which to formulate the biological kinetics of the anoxic-aerobic activated 
sludge process. 
KINETIC EQUATIONS: !31-SUBSTRATE OEATH-REGENERATml r.'nOEL 
The kinetic equations for this model are briefly listed below. 
Carbonaceous Energy Removal 
Influent COD fractions. The following influent COD fractions are recognized: 
sti = sbi + 5ui + sp; (23) 
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where 
Sti total influent COD concentration (mg COD/!) 
Sbi total biodegradable COD concentration (mg COD/!) 
S . soluble unbiodegradable COD concentration (mg COO/!) 
Ul 
Spi particulate unbiodegradable COD concentration (mg COD/!). 
In accordance with the bi-substrate hypothesis the biodegradable COD concentration 
is divided into two fractions, i.e. 
where 
Sbsi readily assimilable biodegradable COD concentration (mg COD/!) 
Sbpi = slowly biodegradable particulate COD concentration (mg COD/!). 
(24) 
It is convenient to express these concentrations as fractions of the total influent 
COD concentration, i.e. 
spi = fup5ti (25) 
s . 
Ul f us5ti (26) 
5bi sti(l - fus - fup) ( 27) 
5bsi fbs5bi ( 28) 
5bpi ( l - f bs )Sbi (29) 
where 
fup particulate unbiodegradable COD fraction 
f = soluble unbiodegradable COD fraction us 
fbs = readily assimilable biodegradable COD fraction. 
Adsor tion of articulate biode radable COD. The Blackwell (1971) formulation, as 
modified by Ekama and Marais 1979 , defines the rate of particulate biodegradable 
adsorption as: 
( 30) 
.'/here subscript t refers to the concentration decrease. 
Hence the rate of increase of stored COD is given by: 
( 31) 
where subscript g refers to the concentration increase. 
The adsorption rate constant, Ka, changes with temperature according to the fol-
lowing equation: 
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K = K (1 029)(T-20J 
aT a20 • 
where subscripts T and 20 refer to temperature T and 20°C respectively. 
Synthesis of cell mass. The synthesis of active mass from readily assimilable 
biodegradable COD is modelled by the Monad relationship, i.e. 
dXag - [ KmsSbs ] 
dt - yh Kss + Sbs Xa 
where 
K ms maximum specific growth constant utilizing soluble substrate (mg COD/ (mg COD/mg VSS/d) 
half-saturation coefficient for soluble substrate (mg COD/t). 
Hence the utilization of Shs is given by: 
dSbst = -[ Kms
5
bs ] X 
dt Kss + Sbs a 
and the oxygen c0•1-;umption rate for the utilization of Sbs is 
0 = ( 1 - PY )[ Kmssbs ] X 
SS · h KSS + Sbs a 
The synthesis of active mass from stored COD is given by Eq. (8), i.e. 
~ - y _1!2._S X dX [ KI x p ] 




maximum specific growth rate constant for the utilization of 
stored COD (mg COD/mg VSS/d) . 
half-saturation coefficient for the utilization of stored 






The overall rate of change of stored COD is given by the difference between Eqs. 
(31 and 36), i.e. 
X [ K' X J 
K \ x ( f - r)/P - KI ~p ! x p xa 
s P a ma a sp a s 
( 37) 
The utiliz~.tion of stored COD is given by: 
dXst _ [ K~p\ ] 
dt - - K' X + X P \ sp a s 
(38) 
and ihe oxygen consumption rate for synthesis from stored COD is given by: 




K' X P l o = (l - PYh) K' ~P !·x P xa sp sp a s ( 39) 
Hence the total carbonaceous oxygen consumrtion rate is the sum of Eqs. (35 and 
39), i.e. 
[ 
K S K' X P ] _ ms bs mp s 0c - (l - PYh) K + s + K' x + x r xa 
ss bs sp a s 
(40) 
and t~e overall synthesis of active mass is the sum of Eqs. (33 and 36), i.e. 
dX [ K s KI x p ] ~ _ ms bs mp s 
dt - yh K + Sb + K' x + x p xa 
ss s sp a s 
(41) 
The temperature dependency of the growth kinetic constants have been found to vary 
in accordance with the following equations: 
KmsT K (1 200)(T-20) 
ms20 ' 
KssT = K (l OOO)(T-20) ss20 ' . 
Km'pT K' (l 029)(T-20) mp20 ' 
K' K' (1 l00)( 20-T.) 





Cell death. The loss of active mass due to organism death is given by Eq. (11). 
Hence the overall rate of change of active mass is found by combining Eqs. (41 and 
11), i.e. 
[ 
K S · K' X P ] _ y ms bs mp s , 
- h K + sh + K' x + x P xa - bhXa 
. ss s sp a s 
( 46) . 
The concentration of biodegradable COD released back to the liquid phase due to 
organism death is given by Eq. ( 12) and is considered to be slowly _biodegradable 
COD. Combining Eqs. (30 and 32), the overall rate of change of slowly biodegrable 
COD is given by: · 
( 47) 
Ni tri fi ca ti on 
The formulation of the kinetics of biological nitrification as proposed by Ekama 
and Marais {1979) is accepted without modi fi ca ti on. .fl. summary -of the pertinent 
equations is given below: · 
Influent TKN fractions. The total influent TKN is divided ·into the following 
fractions: 
Nt. = N . + N . + N . + N . 
l al 01· Ul pl 
( 48) 
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where 
Nti total influent TKtJ concentration (mg N/£) 
N . influent free and saline ammonia concentration ,(mg N/£) a1 
N . influent soluble unbiodegradable TKN concentration (mg rJji) 
Ul 
Np; influent particulate unbiodegradable TKN concentration. 
It is convenient to express these concentrations as fractions of the total influent 
TKN concentration, i.e. 







Nti - Nai - Nui - Npi 
(l - fna - fnu - 5t/Nti"fn/PHJti 
fna influent ammonia fraction 
fnu soluble unbiodegradable TKN fraction 





The nitrification kinetics are based on the assumption that the behaviour of 
nitr>osomonas governs the behaviour of nitrification in the activated sludge process. 
The specific growth of these nitrifiers is modelled with a ~·k1nod relationship. i.e. 
( 53) 
where 
µn specific growth rate of nitr>osomonas 
µnm maximum specific grm~th rate of nitrosomonas (/d) 
Kn half-saturation coefficient for the utilization of ammonia (mg N/9,) 
N ammonia concentration (mg N/£). a 
The nett growth r~t~ of the nitrifiers is given by 
dXn [ µnmr1a J 
dt = Kn + \ Xn - bnXn (54) 
where 
Xn concentration of nitrifiers (mg VSS/£) 
b endogenous respiration rate of the nitrifiers (/d) 
n 
rate of conversion of ammonia to nitrate follows from Eq. (53) i.e. 
= [(µnm/Yn)Na] 
K + N Xn 
n a 
(55) 
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Fig. 3. Comparison of the response waves predicted by the 
the ore ti cal model with those observed experi mentally 
under daily cyclic square wave loading conditions at 
2,5 days sludge age, pH 7·,o and temperature 20°C. 
(Test No. L4). 
Yn yield coefficient for the nitrifiers (mg VSS/mg N). 
As the mass of nitrogen incorporated into the nitrifiers for synthesis is negli-
gible, (Haug and McCarty, 1971), it is assumed t:1at the conversion of ammonia to 
nitrate is stoichiometric, hence: 
(56) 
where 
Nn nitrate concentration (mg N/£) 
and the oxygen consumption rate for nitrification is: 
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[ 
(µnm/Y n)Na] 
4,57 K + N xn 
n a 
On oxygen consumption rate for nitrification (mg 0/t/d). 
(57) 
Heterotrophic organisms convert organic nitrogen to ammonia in accordance with a 




- K N X r o a 
Kr organic nitrogen conversion rate (t/mg VSS/d). 
The kinetic constants µ , K , b , Y and K vary with temperature and mixed 
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µnm(l,123)(T-20)(2,350)(p-7,20) 









where subscripts T and p refer to temperature in °C and mixed liquor pH respec-
tively. "1ixed liquor pH values between 7,2 and 8,5 do not affect the kinetic 
constants, i.e. when p > 7,2, 2,350 becomes 1,000. 
VERIFICATION OF THE MODEL 
Verification of the activated sludge model proceeded in two stages: (1) calibra-
tion, in order to evaluate some of the kinetic constants, and (2) application of 
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Fig. 6. Comparison of the response waves predicted by the 
theoretical model with those observed experimentally 
under daily cyclic square wave loading conditions at 
2,5 days.sludge age, pH 7,3 and temperature 12°C. 
(COO/VSS ratio= 1,48). 
f 
of the model to a range of process configurations under different conditions to 
test its validity and assess its limitations. 
To calibrate the model the time dependent - spatially independent system, the 
single reactor activated sludge process, ~ias chosen because it is a simple system, 
yet flexible in the variety of different conditions that can be imposed on it. 
Daily cyclic loading conditions were obtained by imposing a square wave (12 :iours 
on, 12 hours off) influent flow on the system. By using a square wave, the dy-
namic response of the system is effectively brought into prominence. The influence 
of sludge age was obtained by conducting sets of tests at 2,5 and 20 day sludge 
ages, respectively. Temperature dependency was obtained by running the series of 
tests at 12°C and 20°C. 
To determine the range of validity of the calibrated model' the model was tested 
on two systems: (1) on time-independent and space-dependent systems: experimental 
data was obtained at laboratory scale on a series reactor system under constant 
flow conditions; and (2) on time- and space-dependent systems experimental data 
was obtained at pilot scale on a series reactor system under cycling loading 
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Comparison of the response waves predicted by the 
theoretical model with those observed experimentally 
under daily cyclic square wave loading conditions at 
20 days sludge age, pH 7 ,3 and temperature l2°C. 
(COD/VSS ratio= 1,48). 
conditions - the influent was drawn from a main sewer at constant rate, with the 
average COD exhibiting the diurnal variation normally encountered in domestic 
flows. 
All the laboratory scale units were operated with unsettled sewage obtained from 
one of the main sewer outfalls in Cape Town. This wastewater was mainly of domes-
tic origin, having a low alkalinity and low calcium content. The pilot scale plant 
was operated with settled sewage from a large treatment works in Pretoria. This 
wastewater had an appreciable industrial content, a high alkalinity and a high cal-
cium content. The two waste flows therefore, differed appreciably and served a 
useful purpose in testing the model for different wastewater compositions. Details 
of the various experimental studies have been fully documented (Ekama and Marais, 
1978). 
The calibration of the model proceeded by trial and error, by assigning values to 
the kinetic constants for which no values were available from other sources. The 
values finally assigned are listed in Table 1, together with other constants uti-
lized in the model. These values are averages that gave the best mean correspon-
dence between the predicted and experimental data for the complete set of 
experiments. 
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TABLE 1 Values of Kinetic and Other Constants used in the Model for 
the Activated Sludge (see Appendix for nomenclature) 
Symbol Value Units Symbol Value Units 
Carbonaceous Material Degradation Kinetics 
Ka20 0,250 £/mg VSS.d Kr20 0,023 £/mg VSS.d 
Kms20 8,00 mg VSS/mg COD f 0,00 mg N/mg VSS oe 
Kss20 20,0 mg COD/£ fos 1,00 mq N/mg VSS 
K~p20 3,00 mg COD/mg VSS.d 8ha 1,029 
K' sp20 0,04 mg COD/mg VSS 1,200 for Kms 
bh20 0,62 
d-1 8hs 
1,000 for Kss 
1,029 for K~p ' 
yh Q,45 mg VSS/mg COD 1, 100-1 for K~p 
f' 0,08 mg VSS/rng VSS 
fn 0, 10 mg N/mg VSS 8he 1,029 
p 1,48 mg COD/mg VSS <Pha 1 ,000 
fma 1,00 mg VSS/mg VSS c/lhs 1,000 







Kn20 1,00 mg N/9. Yn 0, 10 mg VSS/mq N 
8ns 1,123 <fins 2,350 
9ne 1,029 G>ne 1,000 
Influent ~lastewater Fractions 
f * 
0,033 mg COD/mg COD fun * 
0,00 mg ~I/mg N us 0,050 0,00 
f * 0,025 mg VSS/mg COD f * 0,84 mg N/mg N up 0,090 sn 0,75 
* Upper value refers to unsettled wastewater; lower value to settled 
wastewater. 
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Fig. 8. Comparison of the response waves predicted by the 
theoretical model with those observed experimentally 
under daily cyclic square wave loading conditions at 
2,5 days sludge age, pH 7,3 and temperature l2°C. 
(COD/VSS ratio= 1,72). 
FE 0 
The responses of the different process variables observed experimentally and that 
predicted by the model for two 24 hour cycles and a 2,5 day sludge age and one 24 
hour cycle at a 20 day sludge age, both at 20°C, are shown in Figs. 3, 4 and 5, 
respectively. 
Temperature effects were evaluated by modifying the kinetic constants obtained at 
20°C to fit the data observed at l2°C. The results of this endeavour, for two 
such tests, are shown in Figs. 6 and 7. It can be noted that a good fit could 
not be obtained at either a 2,5 day or 20 day sludge age. The shape of the pre-
dicted oxygen utilization rate response for both tests appears to be approxi-
mately correct, but the values are generally over-predicted .. l\fter an extensive 
investigation it was concluded that this ·was due to the effect of parameters other 
than the kinetic constants. /l.ttention was directed to the COD/VSS ratio. 
Several theoretical COD/VSS ratios have been reported in the literature, all based 
on empi·rical stoichiometric formulations for microbial sludge. These theoretical 
values fall in the range of 1,22 to 1,48 mg COD/mg VSS. Marais and Ekama (1976) 
conducted an extensive series of tests on raw sewage, activated sludge MLVSS and 
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Fig. g; Comparison of process variable response profiles 
predicted by the theoretical model with those observed 
experimentally in a series reactor process under con-
stant loading conditions at 10 days sludge age, pH 6,05 
and 20°C. 
aerobically digested activated sludge. The mean value of their experimentally 
determined values fell in the range 1,43 to 1,48 mg COD/VSS. Now the equivalence 
of VSS and COD allows an energy balance, in terms of COD, to be made between 
energy utilized, sludge synthesized and oxygen consumed during the synthesis 
reaction. 
Such mass balances form the basis for the assessment of the validity of experimen-
tal data. Experiments conducted at 20°C generally gave COD mass retrievals of 
greater than 95 per cent when using a COD/VSS ratio of 1,48. However, experi-
ments conducted at l2°C .exhibited a COD mass retrieval of about 85 per cent when 
using this value of 1 ,48. This observation led to the initiation of an investi-
gation into the possible variation of the value of the COD/VSS ratio with tem-
perature and process parameters such as sludge age. Simultaneous determination of 
the COD/VSS ratio of activated sludge MLVSS from laboratory units operated at 20°C 
and l2°C treating sewage from the same source, showed significantly different 
values (see Table 2). 
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Fig. 10. Experimental process variable response waves observed 
in the series reactor pilot plant under cyclic loading 
conditions at 18 days sludge age, pll 7 ,8 and temperature 
21°C. 
TABLE 2 COD/VSS ratios for Mixed Liquor in Laboratory Scale 
Activated Sludge Units. 
Temperature 
Sludge age 20°c l2°C 
2,5 1,50 1'72 
20 1,55 1,69 
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Using these constants in the respective 24 hour test data, average mass balances 
on COD of 95 per cent and better were obtained at 12°C. 
Of greater significance was that, using these experimentally determined COD/VSS 
ratios, a good correspondence between experimentally observed and predicted 
oxygen utilization rates at both 2.~5 and 20 day sludge ages at 12°C was obtained 
(Fig. 8 - cf Fig. 6).-
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Fig. 11. Theoretical process variable response waves predicted 
for the series reactor plant under cyclic ,loading con-
ditions at 18 days sludge age, pH 7,8 and 21°C. 
In the bi-substrate hypothesis there is some uncertainty as to the values ascri-
bed to the maximum specific substrate utilization rate constant for soluble 
substrate, Kms• and the associated half-saturation coefficient, Kss· For the 
aerobic activated sludge process values of 8 mg COD/mg VSS/d and 20 mg COD/i for 
Kms and Kss• respectively, result in a soluble substrate utilization rate fast 
enough to predict a precipitous drop in the oxygen utilization rate observed in 
Fi gs. 3 and 4. 
To simulate the cyclic response of the filtered COD concentration observed in the 
contact reactor of the contact stabilization modification of the CMAS process, 
Alexander, Ekama and Marais (1980) found that the value of Kms had to be reduced 
from 8 to 2 mg COD/mg VSS/d. The need for this change indicates a possible de-
ficiency in the model. 
It was stated above that the range of the validity of the model (developed on 
time-dependent space-independent systems) was assessed by comparing predicted and 
experimental responses on both time-independent space-dependent and time- and 
space-dependent configurations. For verification under time-independent space-
dependent conditions, a set of laboratory experiments was conducted on a process 
configuration consisting of six completely mixed reactors in series under constant 
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flow and load conditions at a 10 day sludge age and 20°C. The experimental re-
sults are shown in Fig. 9. The theoretical response was simulated, without 
changing any of the constants developed in calibrating the model (Table 1). The 
simulated data are also plotted in Fig. 9. It can be seen that there is excellent 
correspondence. 
For verification under time- and space-dependent conditions, experiments were done 
at pilot scale. The pilot plant (situated at Pretoria) consisted of four 5 m3 
aeration reactors in series. A constant flow of 60 m3 /d settled wastewater was 
imposed on the pilot plant but a cyclic load resulted from the diurnal variation 
in influent COD and TKN concentrations. The pilot plant was operated at an 18 
day sludge age and a sludge recycle ratio of 2:1 at approximately 21°C. The ex-
perimental data, including the influent COD and TKN concentrations, observed over 
a 24 hour cycle are shown in Fig. 10. The in?ut data were used in a simulation 
study with the kinetic and other constants for settled wastewater listed in Table 
1. The theoretical model response is shown in Fig. 11. 
To obtain the good correlation between experimental and predicted data, ~ value 
of the maximum specific growth rate of the nitrosomonas, µnm• of 0,21 d- had to 
be accepted - a value three times lower than that for Cape Town wastewater (Table 
1). Such a decrease is not unjustified; Pretoria wastewater contains an appre-
ciable industrial fraction, whereas the wastewater of Cape Town is principally 
from domestic sources and is less toxic towards nitrifiers. Generally, µnm is 
very sensitive to any inhibitory substances. During any series of experirrents 
utilizing the same sewage source, it is not uncommon to find variation of µnm 
from one batch of sewage to another. A range of µnm from 0,2 to 0,65 for 
different waste flows is therefore not unexpected. 
CLOSURE 
The general model utilizing the biological mechanisms proposed in this paper 
satisfactorily predicts the behaviour of the activated sludge process operating 
over a range of process configurations under constant and cyclic loading condi-
tions. In particular, it should be noted that this was found possible without 
changing the values of kinetic constants of the model under the different opera-
ting and loading conditions. 
Application of the general model to predict the dynamic behaviour of the single 
sludge denitrification process (van Haandel, Ekama and Marais, 1980) had indi-
cated that different values of the kinetic constants defining the carbonaceous 
and ammoniacal substrate utilization rates are required for the anoxic reactor 
of the system. However, such changes are to be expected as the final electron 
acceptor in the anoxic reactor is nitrate instead of oxYgen. 
Application of the general model to the contact stabilization process (Alexander, 
Ekama and Marais, 1980) has indicated that a reduction in the maximum soluble 
substrate utilization rate at 20°C (Kms20) from 8,0 to 2,0 mg COD/mg VSS/d is 
necessary to satisfactorily simulate the behaviour of the process under constant 
and cyclic conditions of loading. 
The need for this change in Kms20 is of.a more serious nature than the changes 
required for describing anoxic conditions, because the contact stabilisation pro-
cess is completely aerobic. This indicates a deficiency in the basic mechanism 
of the general model. However, once the revised values of the kinetic constants 
for the anoxic reactor and the contact stabilization process are accepted, the 
model satisfactorily simulated the behaviour of these systems under constant and 
cyclic loading conditions. 
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This paper discussed only the basic biological mechanisms and their kinetics as 
hypothesized by the authors. The process equati ans are not presented as these can 
be readily developed (by considering mass balance and continuity principles of 
each process variable over each component of the configuration) once the biologi-
cal mechanisms are known. 
The biological mechanisms proposed by the authors are unlikely to be final and 
should be regarded only as an advance in understanding biological behaviour 
insofar as the activated slu~ge process is concerned. 
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LIST OF SYMBOLS 
general parameter for endogenous respiration rate, d- 1. Subscripts h 
or n refer to heterotrophic or nitrifying organisms, respectively. 
Values marked ' refer to the death-regeneration hypothesis 
unbiodegradable fraction of the active mass, mg VSS/mg VSS 
fraction of biodegradable substrate (COD) which is soluble, 
mg COD/mg COD 
maximum fraction of substrate (as VSS) that can be incorporated in 
the active volatile sludge mass, mg VSS/mg VSS 
nitrogen fraction of the sludge, mg N/mg VSS 
organic nitrogen fraction of the nitrogen released by active 
heterotrophic organism death, mg N/mg N 
organic nitrogen fraction of the nitrogen required for heterotrophi c 
cell synthesis, mg N/mg N 
free and saline ammonia fraction of the influent TKN, mg N/mg N 
soluble unbiodegradable fraction of the influent TKN, mg N/mg N 
particulate unbiodegradable fraction of the influent COD, mg VSS/mg COD 
soluble unbiodegradable fraction of the influent COD, mg COD/mg COD 
particulate substrate adsorption rate constant, i/mg VSS.d 
maximum specific substrate utilization rate constant for stored sub-
strate (as mg COD) for Ekama and Marais (1978) theory,mg COD/mg VSS.d 
maximum specific substrate utilization rate constant for stored sub-
strate (as COD) based on the adsorption site approach, 
mg COD/mg VSS.d 
maximum specific substrate utilization rate constant for soluble sub-
strate, mg COD/mg VSS.d 
K *t n 
K * r 
K * s 
K' * sp 
Kss * 
N = 
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saturation coefficient for nitrification, mg N/i 
conversion rate of organic nitrogen to free and saline ammonia, 
i/mg VSS.d 
half saturation coefficient for heterotrophic cell synthesis for 
stored substrate (as mg COD) for Ekama and Marais {1978) theory, 
mg COD/i 
half-saturation coefficient for heterotrophic cell synthesis for 
stored substrate {as mg COD) based on the adsorption site approach, 
mg COD/mg VSS 
half-saturation coefficient for.heterotrophic cell synthesis for 
soluble substrate, mg COD/i 
general parameter for nitrogen concentration, mg N/~. Subscripts 
a, n, o, t and u refer to ammonia, nitrate, organic nitrogen, TKN, 
and unbi odegradab le concentrations, respectively 
Tor 75 
n = factor for adsorption site theory depending on the volume to surface 
ratio for the active mass 
O general parameter for oxygen consumption rate, mg 0/i/d. Subscripts 
a, c, e, n, s, and t refer to adsorption, carbonaceous, endogenous 
respiration, nitrification, synthesis, and total fractions, 
respectively 
P = COD : VSS ratio, mg COD/mg VSS 
S general parameter for substrate {COD) concentrations, mg COD/i. 
Subscripts b, u, and t refer to biodegradable, unbiodegradable 
soluble, and total fractions, respectively 
t = Time {d) 
x general parameter for sludge concentration (mg VSS/i). Subscripts 
a, e, n, s, and v refer to active, endogenous, nitrifier, stored, 
and total volatile concentrations, respectively. Additional sub-
scripts g or i refer to concentrations gained or lost as a result 
of process reaction 
heterotrophic organism yield coefficient in terms of substrate as 
COO, mg VSS/mg COD 
Yn = nitrifying organism yield coefficient, mg VSS/mg N 
µ*t general parameter for specific growth rate, d- 1. Subscripts horn 
refer to heterotrophic or nitrifying organisms, respectively. Addi-
tional subscript m refers "to _maximum value 
a general Arrhenius parameter for the temperature dependency coefficient. 
Subscripts h and n refer to hetero"trophic and nitrifying organisms, 
respectively. Additional subscripts a, e, and s refer to adsorption, 
endogenous respiration, and synthesis values, .respecti-vely 
Tor 76 P. L. DOLD, G. A. EKAMA and G. vR. MARAIS 
genera 1 Arrhenius parameter for the pH dependency coefficient. Sub-
scripts h and n refer to heterotrophic and nitrifying organisms, res-
pectively. Additional subscripts a, e ands refer to adsorption, 
endogenous respiration, and synthesis values, respectively. 
* Additional subscripts Tor 20 refer to the value at Tor 20°C respectively. 
t Additional subscripts p or 7,2 refer to the value at pH equal top or 7,2 
respectively. 
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Abstract-The general aerobic activated sludge model including nitrification for processes treating prin-
cipally municipal wastewater is applied to the contact stabilization process treating municipal waste-
waters. The application involves two changes to the model: (i) a change in one of the values of the 
kinetic constants in the expressions of the substrate utilization rates; (ii) a change in the enmeshment 
mechanism by accepting that a fraction of the particulate COD which is not adsorbed onto the active 
organisms; does not become enmeshed in the sludge floes and escapes with the effluent. Accepting only 
these changes it was found possible, to satisfactorily simulate the behaviour of the contact and stabiliz-
ation reactors of the process under both constant and cyclic conditions of loading. 
For design, the general activated sludge model, as applied to the contact stabilization process, requires 
the process configuration to be completely specified. To aid in the initial design of the process, a 
preliminary design procedure is presented by means of which the volumes, sludge concentrations and 
retention times of the contact and stabilization reactors may be determined from five independent 
parameters which are assumed to govern the process. These are the sludge age, recycle ratio, fractional 
distribution of the sludge mass between contact and stabilization reactors, daily COD mass load and the 
average sludge concentration in the process. 
NOMENCLATURE 
bh* =endogenous respiration rate (d- 1) 
CMASP = Completely Mixed Activated Sludge Process 
CSASP = Contact Stabilization Activated Sludge Pro-
cess 
f = unbiodegradable fraction of the active mass 
(mg vss mg vss- 1) 
fn = nitrogen fraction of the sludge mass (mg N mg 
vss- 1) 
fup = fraction of total influent COD which is in. the 
particulate unbiodegradable form 
f., = fraction of the total influent COD which is in 
the soluble unbiodegradable form 
Km,* = maximum specific substrate utilization rate for 
readily assimilable COD (mg COD mg vss- 1 
d-1) 
M = prefix denoting mass, i.e. 
M(S11) = S,1 • Q 
= daily COD mass load 
(mgCODd- 1) 
M(X.p) = X.P ·VP 
= mass of sludge in process 
(mgVSS) 
N = general symbol for nitrogen concentration 
(mg N 1- 1 ). Subscripts n or t refer to nitrate or 
TKN concentrations respectively. Additional 
subscripts c, e, i or s refer respectively to the 
values in the contact reactor, effluent, influent 
or stabilization reactor 
*Additional subscript Tor 20 refers to the value at T 0 C. 
or 20°C. 
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0 = general symbol for oxygen consumption rate 
(mg 01- 1 h- 1 ). Subscripts c, n and t refer to 
carbonaceous, nitrification and total values re-
spectively. Additional subscripts c, p and s 
refer respectively to values in the contact reac-
tor, overall process and stabilization reactor 
P =COD to vss ratio (mgCODmgvss- 1) 
Q = influent flow rate (1 d - 1) 
q = waste flow rate (1 d- 1 ) 
Rh = hydraulic retention time (d). Subscripts a or n 
refer to actual or nominal retention times re-
spectively. Additional subscripts c or s refer to 
values in the contact or stabilization reactor 
respectively · 
R, = sludge age (d) 
r = recycle ratio with respect to average influent 
flow 
S = general symbol· for COD concentration 
(mg COD 1- 1 ). Subscript t refers to total con-
centrations. Additional subscripts c, e, i, s refer 
respectively to the values in the contact reac-
tor, effluent, influent and stabilization reactor 
T = temperature in °C 
V = general symbol for volume (!.). Subscripts c, p 
and s refer to contact reactor, overall process 
and stabilization reactor respectively 
w = waste flow ratio with respect to average 
influent flow 
X = general symbol for volatile sludge concen-
tration (mg VSS 1- 1 ). Subscripts a, n and v 
refer to active volatile, nitrifier and total vola-
tile sludge concentrations respectively. Ad-
ditional subscripts c, p and s refer respectively 
to values in the contact reactor, overall process 
and stabilization reactor 
1738 W. V. ALEXANDER, G. A. EKAMA and G. v. R. MARAIS 
yh = yield coefficient (mg vss. mg coo-. 1) 
ix = fraction of mass sludge m process m the con-
tact reactor 
() = temperature sensitivity coefficient 
µ * = maximum specific growth rate of the 
nm nitrifiers (d- l) 
INTRODUCTION 
In the literature, the kinetic theories describing the 
behaviour of the contact stabilization activated sludge 
process (CSASP) have been essentially of. an ad h~c 
nature. No attempt to describe the behaviour of this 
process by a general activated sludge kinetic the~ry 
has been successful, principally because the theones 
proposed to date are deficient in themselve~. Ho"'.-
ever, the general bi-substrate death-regeneration a~t1-
vated sludge kinetic theory for the process treatmg 
pri~cipally municipal wastewater, proposed by D~ld 
et al. (1980), appears to be sufficiently comprehensive 
to encompass also the kinetic behaviour of the 
CSASP treating mainly municipal wastewaters. This 
paper describes the integration of the CSASP with the 
general activated sludge theory. 
In presenting this paper, it is assumed that the 
reader has studied the paper setting out the general 
activated sludge theory (Dold et al., 1980}-only the 
aspects necessary for the particular requirements of 
the CSASP will be presented. 
INITIAL PROCESS DESIGN 
A diagrammatic representation of the CSASP is 
given in Fig. 1. The contact reactor receives the 
influent flow and the recycle from the stabilization 
reactor. In the contact reactor, which has a short 
nominal hydraulic retentiont. a small fraction of the 
sludge mass removes the bulk of the carbonaceous 
material from the influent-principally by adsorption 
and enmeshment. A minor fraction of the adsorbed 
organic material is metabolized in the contact reactor 
and consequently the sludge mass contains a high 
proportion of unmetabolized COD. The effluent from 
the contact reactor is discharged to the settling tank. 
The settling tank overflow leaves the process as efflu-
ent; the underflow is discharged to the stabilization 
reactor, which has a long nominal retention time in 
which the densified mixed liquor is stabilized. Stabil-
ized sludge is returned to the contact reactor via a 
sludge recycle flow. Close control of the sludge age of 
the process is possible by hydraulic control, i.e. by 
wasting an appropriate volume of mixed liquor di-
rectly from either the contact or stabilization reactor. 
The advantage of the CSASP over the Completely 
Mixed Activated Sludge Process (CMASP) stems 
from its configuration. The major fraction of the 
t Nominal hydraulic retention time is given by the 
volume of the reactor divided by the daily average influent 
flow. 
Fig. I. Diagrammatic representation of the contact stabiliz-
ation process. 
sludge mass in the CSASP system is contained in the 
stabilization reactor in a densified form, giving a cor-
respondingly smaller volume to the whole system. 
Furthermore, if the excess sludge is wasted from the 
contact reactor, as shown in Fig. 1, the overall process 
oxygen demand is slightly reduced because the sludge 
mass in the contact reactor contains a relatively high 
fraction of unmetabolized COD. 
The CSASP is a spatially dependent system even 
under steady flow and load conditions. The concen-
tration of sludge and the food/micro-organism ratio 
differ significantly in the contact and stabilization 
reactors; these parameters are dependent on the 
sludge recycle rate and the fractional distribution of 
the mass of sludge between the two reactors. There-
fore, unlike the CMASP which essentially is defined 
by the sludge age and the organic load in the process, 
in the CSASP the process definition must include, in 
addition to the above parameters, the recycle ratio, .r, 
and some parameter fixing the fractional distribution 
of the mass of sludge between the contact and stabil-
ization reactors. Ohron & Jenkins (1972) selected the 
fraction of the mass of sludge in contact reactor rela-
tive to the total mass of sludge in the process, ex, to 
define the fractional parameter, i.e. 
(1) 
where 
Ve, Vs= volumes of the contact and stabilization 
reactors respectively (I.) 
Xm X,. = volatile sludge concentrations in the con-
tact and stabilization reactors respect-
ively (mg VSS 1- 1 ). 
It will be apparent from the above, that the design 
of a specific CSASP is not as straightforward as the 
CMASP and must proceed on a trial and error basis. 
In designing a CSASP configuration it is particularly 
useful to have a procedure for initially estimating the 
sizes of the reactors and their respective sludge con-
centrations in order to decide whether the liquid solid 
separation efficiency in the settling tank and the 
actual hydraulic retention time in the contact reactor 
are within acceptable limits. 
A basis for making an initial estimate of the reactor 
sizes is to accept that the CSASP produces the same 
· mass of sludge as the CM ASP for the same sludge age, 
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R., and daily organic mass load, M(S,1). This assump-
tion is based on the findings of Gujer & Jenkins 
(1975a) and. has been verified during this investiga-
tion. Therefore, an estimate of the total mass of sludge 
in the process M(X.p) can be obtained from the steady 
state equations for the CMASP (Marais & Ekama, 
1976), i.e. 
M(X ) = M(S ·)R {Y,;(1 + fbhTRs~ 
vp 11 ' (1 + bhTR,) 
where 
X (1 - fus - J.,pP) + fup} (2) 
M(X.) = mass of volatile sludge in process 
(mgVSS) 
= x.pvp 
X.P = average process volatile sludge concen-
tration (mg VSS 1- 1) 
VP= volume of process (I.) 
M(S1i) = daily organic mass load (mg COD d-
1) 
= Q·Sti 
Sti = total influent COD concentration 
(mg COD 1- 1) 
R, = sludge age (d) 
Y,, = yield coefficient (mg VSS mg coo- 1) 
= 0.45 
f = unbiodegradable fraction of the active 
volatile mass (mg VSS mg vss- 1) 
= 0.20 
bhT = endogenous respiration rate at T°C (d) 
= bh20(f-T - 20) 
bh2o = endogenous respiration rate at 20°C 
= 0.24 
(J = temperature sensitivity coefficient 
= 1.029 
T = temperature (0 C) 
fus = soluble unbiodegradable fraction of the 
influent COD (mgCODmgCOD- 1) 
fup = particulate unbiodegradable fraction of 
the influent COD (mgVSSmgCOD- 1) 
P = COD to VSS ratio (mg COD mg vss- 1) 
Once an estimate of M(X,p) is available, a decision 
must be made on the overall mean sludge concen-
tration, X VP' for the process. T,he overall volume of the 
CSASP, VP' is determined by 




VPX.P = VcXvc + V.X... (5) 
If X.P for the CSASP is chosen to be the same as 
that for a CMASP the volumes of the two processes 
will be identicai resulting in no space saving. Conse-
quently, X.P for the CSASP usually is selected to be 
appreciably higher than that normally accepted for 
the CMASP in order to gain a plant volumetric 
advantage; Higher X.P concentrations for the CSASP 
are permissible because the settling tank of the pro-
cess has to deal with the relatively low concentration 
of sludge from the contact reactor. 
Where the sludge age, R,., of the CSASP is con-
trolled by wasting sludge directly from the contact 
reactor, i.e. hydraulic control of the sludge age, the 
sludge age of the process is given by 
R, = mass of sludge in process 
mass of sludge wasted per day 
= X.p Vp/(X.cq) (6) 
where 
q = waste flow rate (I d - 1) 
In the analysis of the CSASP significant simplifica-
tion in the formulations is attained by expressing·q as 
a fraction of the average influent flow rate, i.e. 
q = wQ (7) 
where 
Q = average influent flow (I d- 1) 
w = sludge waste flow rate from the contact reactor 
as a fraction of the average influent flow rate. 
Hence, for a given sludge age, w is given by 
(8) 
In order to size the two reactors of the CSASP, a 
decision on the two additional independent par-
ameters IX and r is required. Knowing IX, r, R, and X,P 
as well as VP' which can be determined from equa-
tions (2) and (3), then by doing a sludge mass balance 
around each reactor and manipulating equations 
(4)-'(7), the concentration of the sludge in, and the 
volumes of the two reactors can be expressed in terms 
of the five known parameters, i.e. 
Ve= Vp1X(l + r - w)/(1X + r - IXW) (9) 
v. = VPr(l - 1X)/(1X + r - IXW) (10) 
X,c = X.p(1X + r - 1Xw)/(I + r - w) (11) 
X,, =~(IX+ r - 1Xw)/r (12) 
x •• = X.cCl + r - w)/r. (13) 
An expression for w in equations (9)-(13) can be de-
rived as follows: 
Substituting equation (5) for VpXvp in equation (8): 
w = (X,cVc + X.0V0)/(R0QX.c). (14) 
Substituting equation (13) for X,. and equation (10) 
for v. into equation (14) and rearranging, yields: 
w = Vp(l + r - w)/{R,Q(IX +.r - 1Xw)}. (15) 
Under normal operating conditions, IXW is small rela-
tive to (IX + r). Consequently, igiloring IXW in equation 
(15) and solving for w, an expression for w in terms of 
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the known parameters is obtained, i.e. 
w = (1 + r)/{ 1 + (ix + r)QR,/Vp}. (16) 
From equations (9) and (10), the actual and 
nominal retention times in the two reactors can be 
found, i.e. 
_ R1rac = V p(l + r - w)/[(1 + r)(ix + r - ixw)Q] (17) 
Rhas = Vp(l - ix)/[(ix + r - ixw)Q] (18) 
Rhnc = (1 + s)· Rhac (19) 
Rhns = Rhas (20) 
where 
Rh = hydraulic retention time (d). Second sub-
scripts a or n refer to actual or nominal 
values respectively. Additional subscripts c 
or s refer to contact or stabilization reactors 
respectively. 
From the equations set out above estimates of Ve, 
v., Xvc• and X,, in terms of the values ix, r, M(S,;), X,P 
and R, are now available and constitute an initial 
design. Checks can be made to ensure that the actual 
hydraulic retention in the contact reactor is adequate 
and that the densification ratio in the settling tank is 
not too great. 
Experience with experimental plants and the gen-
eral activated sludge model as applied to the CSASP, 
has indicated that this preliminary design procedure 
predicts X,c and X.. accurately. Also, the average pro-
cess carbonaceous oxygen demand for the system ap-
. proximately equals that for the equivalent CMASP 
[i.e. for the same R, and M(Sti)]. However, the pro-
cedure provides no estimation of the relative oxygen 
demands in the two reactors, nor the COD, TKN and 
nitrate concentration in the reactors or effluent under 
constant or cyclic loading conditions. Under constant 
flow conditions these process variables may be esti-
mated from models with constants determined on an 
ad hoc basis (Gujer & Jenkins, 1975a, b). However, 
under cyclic loading conditions the only reliable pro-
cedure for determining these process variables is by 
utilizing the general activated sludge model as applied 
to the CSASP. 
EXPERIMENTAL INVESTIGATIQN 
It has been shown that there are five major parameters 
which influence the response of the CSASP, i.e. daily COD 
load, M(S11), sludge age, R., temperature T, sludge recycle 
rate, r, and the fractional distribution of sludge mass 
between the contact and stabilization reactors in terms of, 
ex. For this investigation it was decided that the tempera-
ture, r and ex would be kept constant, while the sludge ag~ 
and daily COD load pattern would be varied. The reason 
for maintaining rand cx constant was that Gujer & Jenkins 
(1975a) reported that these two parameters have less effect 
on the efficiency of carbonaceous material removal by the 
process than the· other three. Theoretically, this observa-
tion is also consistent with the bi-substrate theory (Dold et 
al., 1980). Although r and a have a marked effect on the 
contact reactor hydraulic retention time, the particulate 
carbonaceous substrate, which forms the bulk of the 
influent COD, is either adsorbed by the organisms or 
enmeshed in the sludge floes and removed from the effluent 
in the settling tank. 
Adsorption and enmeshment are rapid processes, so that 
they are expected to be near completion even in relatively 
short actual hydraulic retention times. The removal of the 
soluble COD fraction in the influent by the contact reactor 
is affected by the length of the contact time: any soluble 
COD concentration not metabolized during the contact 
period in the contact reactor escapes with the effluent flow. 
, However, as only about 25% of the biodegradable COD is 
in soluble form (Dold et al., 1980) and the removal is rapid, 
the escape of the soluble COD concentration is unlikely to 
affect the overall COD removal efficiency. 
With regard to ex, a value of 0.1 was selected as with this 
value only one tenth of the mass of sludge in the process is 
responsible for the initial removal of the carbonaceous ma-
terial from the influent. It represents, therefore, an extreme 
situation and constitutes a severe test of the predictive ca-
pacity of the model. 
With regard to the choice of r, a high value (r > 4) in the 
CSASP results in a smaller relative difference between the 
concentrations of sludge in the contact and stabilization 
reactors and the process approximates the CMASP which 
would tend to detract from the uniqueness of the CSASP 
configuration. In contrast, a low recycle ratio (r < 1) 
results in a low process nitrification efficiency, as only a 
small fraction of the influent ammonia is recycled to the 
stabilization reactor in which the bulk of the sludge mass is 
retained (Gujer & Jenkins, 1975b). Consequently, a recycle 
ratio of 2: 1 with respect to average flow was selected. 
The experimental investigation was to be undertaken at 
20°C. To ensure complete nitrification of the recycled 
ammonia in the stabilization reactor, sludge ages longer 
than about 4 days are required. Consequently, sludge ages 
of 6 and 10 days were selected. 
If the CSASP operates under cyclic flow conditions, the 
actual hydraulic retention time in the contact reactor is 
reduced during the peak flow period. Should the actual 
hydraulic retention time under peak flow conditions 
become too short, particulate COD removal by adsorption 
and enmeshment and soluble COD removal by metab-
olism will be insufficient, resulting in a poor effluent 
quality. Consequently a lower limit to the millimumactual 
hydraulic retention time in the contact reactor needs to be 
set. To satisfy this lower limit, it will be found that lower 
values of X.P or higher values of ex need to be chosen as the 
peak/average flow ratio increases, than would be required 
under the average flow conditions. 
In this experimental investigation, the minimum actual 
hydraulic retention time in the contact reactor was set at 
about 20 min under an expected peak/average flow ratio of 
1 : 1.5. With this restriction, the chosen design parameters ex, 
r, R, and M(S,;), the design of the experimental CSASP 
units was obtained by a trial and error procedure. All the 
conditions could be met only when X.P was less than about 
2000 mg VSS 1- 1-a relatively low value. By doubling ex to 
0.2, and keeping the minimum actual hydraulic retention 
time in the contact reactor at 20 min under the peak/aver-
age flow ratio of I: 1.5, X,P can be increased to 
3800 mg VSS 1- 1, giving a more practical design. However, 
from a model verification point of view, the latter design 
would not have provided as severe a test on the predictive 
capacity of the model as the former. 
The chosen design parameters of the experimental units 
are given in Table I and a diagrammatic layout of the units 
is shown in Fig. 2. 
The experimental investigation was divided into two 
phases: (a) a phase during which the two experimental 
units were operated under constant flow and load con-
ditions, and (b) a phase during which one of the units was 
operated under cyclic flow and load conditions. 
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Table 1. Process design parameters for the Laboratory CSASP units 
Parameter 
Name Symbol 
1. Sewage type 
2. I11fluent COD s,, 
3. Influent TKN Nu 
4. Average influent flow Q 
S. Temperature T 
6. Sludge age R, 
7. Waste flow ratio w 
8. Fractional distribition IX 
of sludge in process 
9. Recycle ratio r 
10. Volumes 
Process VP 
Contact reactor v. 
Stabilization reactor v, 








12. Length of test 
period 
(a) Constant flow and load conditions were established 
by feeding 'the required volume of sewage feed per day at a 
constant rate over the day. The average values of the daily 
measurements of the process variables in the contact and 
stabilization reactors and in the effluent of the 6 and 10 
day sludge units are given in Table 2, the length of the test 
period having been about 2S days. 
(b) In the cyclic loading tests the 6 day sludge age unit 
was operated under two different influent cyclic flow pat-
terns: (i) a square wave pattern, and (ii) a sine wave pat-
tern. In both cases the daily influent COD mass was the 
same and equal to that fed during the constant flow test, 
i.e. 18,000mgCODd- 1• 




Units 6 days 10 days 
Unsettled Unsettled 
mgCOD1- 1 soo soo 
mgNt- 1 -so -so 
ld- 1 36 24 oc 20 20 





I. 14.3 14.3 
I. 2.0 2.0 
I. 12.3 12.3 
h 
h 0.44 0.67 
h 1.32 1.98 
h 4.07 6.27 
h 4.07 6.27 
d 23 2S 
dividing the daily influent feed volume of 361. between 
two pumps-one operating at a rate of 181 d- 1 over 
the full 24 h period and the other at 36 I d - 1. for a 
period of 12 h only. 
Measurements of the process variables in the con-
tact and stabilization reactors and in the effluent were 
made at regular intervals over a 24 h period-a typical 
set of data is shown in Fig. 3. 
(ii) The sine wave loading pattern was achieved by 
means of a specially designed pump that produced an 
approximate sine wave flow with an amplitude of 
about 0.5 times the average flow. A typical set of data 
observed over a 24 h cycle under sine wave influent 
flow conditions is shown in Fig. 4. 




Fig. 2. Diagrammatic representation of the laboratory scale contact stabilization process. 
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Table 2. Averages of process variable measurements observed in laboratory scale _contact 
stabilization units. The corresponding predictions of the general model are also given 
Constant flow and load conditions 
Sludge age 
Process variable 6 Days 10 Days 
Position Symbol Measured Predicted Measured Predicted 
CODmgCODl- 1 
Influent Su• 512 
Contact s,. 62 
Effluent s,.• 90 
Stabilization s .. 54 
TKNmgNl- 1 
Influent N,;• 56 
Contact N,. 11 
Effluent N,.• 15 
Stabilization N,. 1.7 
Nitrate mg N 1- 1 
Influent N.; 0.0 
Contact N •• 27 
Effluent N •• 27 
Stabilization N •• 36 
MLVSSmgVSs1- 1 
Contact x •• 1301 
Stabilization x .. 1772 
Process x.p 1706 
Oxygen Demand (mg O 1- 1 h - 1 ) 
{Contact o •• 31 
Carbon Stabilization o •• 22 
Process o.p 23 
{Contact o •• 30 
Nitrif. Stabilization o •• 10 
Process o.p 13 
{Contact o,. 61 
Total Stabilization o .. 32 
Process o,. 36 
Mass balances CODt 96% 
Nt 94% 
* Refers to unfiltered samples. 
t Based on a COD(VSS ratio of 1.48. 
t Based on TKN/VSS ratio (J.) of 0.10. 
MODEL VERIFICATION 
The general kinetics of the activated sludge process 
including nitrification described by Dold et al. (1980) 
were incorporated into a general model for the CSASP 
(in the form of a computer program). When this 
model, as well as its associated kinetic constants, was 
applied to simulate the behaviour observed in the ex-
perimental CSASP units described above, the follow-
ing observations were made: 
Changes in kinetic constants. 
The predictions of the response of the contact reac-
tor is very sensitive to the values of the maximum 
specific growth rate of the nitrifiers (µ,,m 20) and the 
maximum utilization rate of soluble carbonaceous 
substrate (Km,20). 
With regard to µ,,m20, Dold et al. found an average 
value of 0.65 d - 1 for data. The value of µ,,m2o associ-
ated with each batch of sewage can be determined by 
obtaining the best fit between experimental.and pre-
512 496 496 
60 52 57 
81 61 75 
45 42 43 
56 47 47 
15 10.5 12 
15 12 12 
3 4.8 3 
0.0 0.0 0.0 
27 22 23 
27 23 23 
37 29 31 
1489 1478 1389 
2099 2073 1989 
2016 1990 1903 
29 24 23 
23 16 16 
24 17 17 
24 18 19 
11 5 5 
13 7 8 
54 42 42 
34 21 22 
37 24 25 
100% 97% 100% 
100% 96% 100% 
dieted TKN and nitrate concentrations. From a com-
parison of many experimental and predicted re-
sponses, it became evident that the value of µ,,m2o 
often changes for each batch of sewage probably due 
to changes in the content of inhibitory substances. In 
this investigation, it was found that the best overall 
correspondence between experimental and predicted 
TKN and nitrate concentrations was obtained when 
µ,,m 2o = 0.55 d- 1• All the CSASP simulations are 
based on this value. 
With regard to Km,20, Dold et al. found that a 
value of 8.0 mg COD mg VSS d- 1 gave the best corre-
spondence between experimental and predicted oxy-
gen consumption rates for single and series CMAS 
processes. When this value for Kmsio was utilized to 
simulate the behaviour of the CSASP under cyclic 
loading conditions it was found that the predicted 
oxygen consumption rate in the contact reactor (01.) 
showed a marked cyclic variation over the day-a 
result in conflict with the experimental observations. 
Also, the variation in the predicted soluble COD con-
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Fig. 3. Comparison of experimental and predicted responses of the cont~ct stabilization process· under 
daily cyclic square wave loading conditions at 20°C. 
centration in the contact reactor (S,0 ) showed a far 
greater degree of attenuation than the experimental 
data. The best correspondence between predicted and 
experimental 0 10 and S,0 responses was obtained 
when Kmsio = 2.0 mg COD mg VSS d- 1 • When this 
value was incorporated in the CMASP model, predic-
tions of the precipitous decrease in the oxygen con-
sumption rate at feed termination in square wave eye-. 
lically loaded single reactor CMAS units (see Dold et 
al., 1980) was not accurately predicted. No explana-
tion can be adv~nced for this apparent discrepancy 
between the Kmsio values for the CSAS and CMAS 
processes. 
The kinetic constants µnmio and Kmsio were the 
only two which required adjustment of their values. 
The need for adjusting µ.m2o is not necessarily indica-
tive of a deficiency in the formulations of the general 
model, because there appears to be strong evidence 
that µnmio does in fact change not only between dif-
ferent sources but also between batches of sewage 
obtained from the same source-the sensitivity of the 
nitrifiers to inhibitory or toxic substan.ces in the 
wastewater is well documented in the literature. How-
ever, the need for changing Kmsio for the CSASP is 
indicative of a deficiency in the formulations of the 
general model. The lowering of Kmsio indicates that 
the soluble carbonaceous substrate is utilized at a 
slower rate in the contact reactor of a CSASP than in 
the first reactor of a multiple CMASP. However, once 
the different value of Kmsio is accepted, the general 
model is capable of describing the CSASP under both 
constant and cyclic conditions of loading. 
Modification to enmeshment mechanism 
A conceptual modification had to be made to the 
general activated sludge model in order to satisfactor-
ily simulate general CSASP behaviour. In the experi-
mental data observed in the CMASP, it was found 
that there was very little difference between the fil-
tered and unfiltered effluent COD concentration. 
Consequently, in the general model, it was assumed 
that all the unadsorbed particulate COD remains 
enmeshed in the sludge floes, is densified with the 
sludge in the settling tank and recycled to the reactor. 
However, the CSASP experimental data (see Table 2 
and Figs 3 and 4) show a marked difference between 
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Fig. 4. Comparison of experimental and predicted responses of the contact stabilization process under 
daily cyclic sine wave loading conditions at 20°C. 
filtered and unfiltered effluent COD concentrations, 
the unfiltered values being always significantly higher 
than the filtered values"'. This appeared to indicate 
that the flocculation and enmeshment of the particu-
late substrate was not complete in the contact reactor. 
This effect was empirically incorporated into the 
model by hypothesizing that a fraction ·of the particu-
late COD not adsorbed onto the active mass does not 
become enmeshed in the sludge floes and escapes with 
the effluent. A good correspondence between pre-
dicted and measured filtered and unfiltered effluent 
COD concentrations was obtained when this fraction 
was assumed to be 0.50. The effect appears to have 
relevanee to only the CSASP because in series or 
single reactor CMASP, the retention times are suffi-
ciently long and sludge concentrations sufficiently 
high for adsorption and enmeshment to be virtually 
complete before solid-liquid separation takes place. 
* The comparison is based on the assumption that the 
filtered contact and filtered effluent COD concentrations 
are equal. 
General CSASP model 
The changes discussed above were accepted and 
incorporated in the CSASP model. The theoretical 
predictions of this model with the corresponding ex-
perimental data observed under constant and cyclic 
loading conditions at 20°C are given in Table 2 and 
Figs 3 and 4 respectively. The comparison of the pre-
dicted and experimental data is discussed below. 
COMPARISON OF EXPERIMENTAL AND 
THEORETICAL DATA 
Constant flow conditions (Table 2) 
In general there is a good correspondence between 
predicted and experimental results at both 6 and 10 
days sludge age. The predicted sludge concentration 
in the 6 day sludge age unit is higher than the corre-
sponding experimental data. However, subsequently, 
when the unit was operated under cyclic loading con-
ditions with the sludge age remaining at 6 days, the 
experimental sludge concentrations stabilized at 
values very close to those predicted by the model (see 
Figs 3 and 4). Hence the low experimental values 
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measured during this period are likely to be a conse-
quence of the variation in behaviour usually associ-
ated with biological systems. 
The over-prediction of the TKN concentration in 
the contact reactor, N,0 , appears to indicate that more 
nitrification took place in the experimental unit than 
the model predicts. However, this is not reflected in 
the measured and predicted nitrate concentrations. 
The reason for this discrepancy is that the nitrogen 
fraction of the waste sludge, fn, in the experimental 
unit was slightly higher, i.e. 0.12 mg N mg vss- 1, 
than the value incorporated in the general model, i.e. 
0.10 mg N mg vss- 1• This results in a greater mass of 
nitrogen being removed from the experimental unit 
via the waste sludge than predicted by the model. 
This difference is reflected in the effluent TKN con-
centrations. Furthermore, by assuming an J.. value of 
0.12 mg N mg vss- 1 for the experimental unit, an im-
proved nitrogen balance will be obtained (Table 2). 
The experimental nitrification oxygen demand may 
be calculated from the experimental data by consider-
ing a nitrate mass balance over the contact or stabiliz-
ation reactors. The carbonaceous value is given by the 
difference between the total and nitrification values. A 
comparison between the experimental and predicted 
values is given in Table 2. The contact nitrification 
oxygen demand (One) calculated from the nitrate 
measurements (Nn0 ), is extremely sensitive to changes 
in the values of these measurements-a 1 mg N 1- 1 
difference in N nc results in a 10. 7 mg 0 1- 1 h - 1 differ-
ence in One· In contrast, the nitrification oxygen 
demand in the stabilization reactor (On.) is relatively 
insensitive to changes in the input and output nitrate 
concentrations. Taking into account these factors, it is · 
clear that there is a good correspondence between the 
model predictions and experimental observations. 
Cyclic flow and load conditions (Figs 3 and 4) 
In general the correspondence between the pre-
dicted and experimental responses under both square 
and sine wave loading conditions is very good. A 
detailed discussion of the comparison of each process 
variable is given below. 
1. COD concentration. As in the constant flow and 
load tests, a difference between the filtered COD con-
centration in the contact reactor and the unfiltered 
value in the effluent is apparent. It appears that the 
empirical partial enmeshment modification in the 
CSASP model allows accurate predictions of the efflu-
ent COD concentration (both filtered and unfiltered) 
even under different cyclic loading conditions. 
2. MLVSS concentration. The correspondence 
between the predicted and experimental ML VSS con-
centrations is excellent in both cyclic tests. An inter-
esting observation is the significant "washing out" 
effect of the ML VSS from the contact reactor during 
the peak flow period. It was stated above that as the 
recycle ratio increased in the CSASP, the process 
approached the CMASP. As the recycle flow was kept 
at twice the average influent flow throug)lout the 
daily cycle, the recycle ratio varied over the cycle 
resulting in fluctuating ML VSS concentrations in the 
contact stabilization reactors. For example, under the 
square wave foading conditions (Fig. 3), the recycle 
ratio was 4:1 (2 x 36/18) during the low flow period 
and 1.33: 1 (2 x 36/54) during the peak flow period. 
The period of high recycle ratio (4: 1) caused the 
CSASP to approach the CMASP in behaviour so that 
the difference . between the sludge concentrations in 
the contact and stabilization reactors was small. In 
contrast, the low recycle ratio period causes a pro-
nounced deviation from the CMASP so that the dif-
. ference between the sludge concentration in the con-
tact and stabilization reactors is large. 
3. Oxygen consumption rate. In the contact reactor, 
the experimental total oxygen consumption rate, 0 10 
remains virtually constant · throughout the cycle. 
Compared to the CMASP, such a high degree of at-
tenuation in the oxygen demand is unexpected under 
cyclic influent loading conditions. However, consider-
ing square wave loading conditions (Fig. 3) this be-
haviour can be explained as follows: Upon com-
mencement of the peak flow period, the availability of 
carbonaceous and ammoniacal substrates increases in 
the contact reactor, resulting in a greater activity of 
the heterotrophic.and nitrifying organisms. However, 
concomitant with the higher sludge activity, the 
sludge concentration (X.,0 , X,,0 ) is reduced. The net 
result is a relatively constant total oxygen consump-
tion rate. 
Dividing the experimental total oxygen consump-
tion rate measured in the contact reactor (010)_ into 
the carbonaceous (000 ) and nitrification (One) com-
ponents by deducting One from 0 10 led to widely fluc-
tuating results--Onc is extremely sensitive to small 
variations in the measured nitrate concentration. 
Consequently, only the predicted and experimental 
0,0 responses could be reliably compared 
The model satisfactorily predicts the observed at-
tenuated O,. response. However, under square wave 
loading conditions (Fig. 3), the model incorrectly pre-
dicts an increase in 0 10 immediately after cessation of 
the peak flow period. In the theoretical model this 
increase is caused by the increase in sludge concen-
tration (x_.0 , Xnc) at a time when the carbonaceous 
and ammoniacal substrates concentrations are still 
high from the peak flow period. Considering the diffi-
culties associated with accurately measuring oxygen 
consumption rates in the contact reactor (Ekama & 
Marais, 1979), the discrepancy between the predicted 
and experimental 0 10 responses is as likely to be a 
consequence of a deficiency in the theoretical model 
as experimental error. 
In both cyclic tests, the total oxygen consumption 
rate in the stabilization reactor (015) is slightly over-
predicted: Dividing the experimental 0 15 response 
into the carbonaceous (000) and nitrification (On.) 
components is possible because on. is relatively in-
sensitive to small variations in the nitrate concen-
tration (Nn.). Considering the square wave test, a 
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Fig. 5. Comparison of the experimental and predicted carbonaceous nitrification and total oxygen 
consumption rates in the stabilization reactor of the CSASP under square wave loading conditions at 
20°c. 
comparison of the predicted and experimental 0,., 
Ons and Ocs responses is given in Fig. 5 and shows a 
satisfactory correlation. 
4. TKN and nitrate concentrations. In general, the 
theoretical model satisfactorily predicts the experi-
mental TKN and nitrate concentrations in the con-
tact and stabilization reactors under both cyclic 
square and sine wave loading conditions. In the 
former test (Fig. 3), the over-prediction of the nitrate 
concentration in the contact (Nncl and stabilization 
reactor (Nnsl is most likely attributable to a slightly 
higher nitrogen fraction in the sludge (f") of the ex-
perimental unit than assumed theoretically. In the lat-
ter test (Fig. 4), an improved prediction of the TKN 
and nitrate concentrations in contact reactor (N,c, 
Nncl would be obtained with a slightly higher µnmio 




This paper provides a! means whereby initial esti-
mates can be made of the volumes of and the sludge 
concentrations in the contact and stabilization reac-
tors of a CSASP from the six independent design par-
ameters assumed to govern the behaviour·of the pro-
cess, i.e. sludge age, R., recycle ratio, r, fractional dis-
tribution of the sludge mass between the two reactors 
defined by rx, daily COD mass load, M(Sti) and the 
average process sludge concentration, Xvp· The sixth 
design parameter, i.e. temperature, was not considered 
in this paper. 
Two changes to the general activated sludge kinetic 
model proposed by Dold et al. (1980) were accepted, 
i.e. (1) a change in the value of one of the kinetic 
constants in the expressions of the carbonaceous sub-
strate utilization rates; and (2) a change in the 
enmeshment mechanism by accepting that a fraction 
of the particulate COD which does not become 
adsorbed onto the active mass, does not become 
enmeshed in the sludge floes and escapes with the 
efflu~nt. 
With these changes it was found that the model Is 
sufficiently general to give a good description of the 
behaviour of the CSASP under constant and cyclic 
conditions of loading. 
The investigation into the cyclic behaviour of the 
CSASP indicated that the peak flow periods reduce 
the carbonaceous material removal and nitrification 
efficiencies of the process in two ways, i.e. by reducing 
(i) the actual hydraulic retention as. well as (ii) the 
sludge concentration in the contact reactor. This be-
haviour of the process results in the effluent COD and 
TKN concentrations being very sensitive to cyclic 
loading conditions. More stable effluent qualities 
under cyclic loading conditions may be produced by 
increasing the design parameters rx and r and reducing 
X,P' However, such changes reduce the specific advan-
tages that the CSASP has over the CMASP, and pro-
duce configurations conforming more to the behav-
ioural characteristics. of the CMASP. 
A major difficulty in applying existing carbon-
. aceous material removal and nitrification models for 
the CSASP, for example those proposed by Gujer & 
Jenkins (1975a, b), to design, is an accurate estimate of 
the values of the constants associated with these 
models under the environmental conditions in the 
field. These difficulties are also encountered in the 
application of the computer model to design-
although the kinetic constants of the carbonaceous 
material removal mechanisms remain relatively 
unchanged for different domestic sewages, the process 
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response does depend on the influent sewage charac-
teristics, such as the unbiodegradable soluble and par-
ticulate COD fractions (fus and /up respectively). Also, 
the maximum specific growth rate of the nitrifiers at 
20°C (µ,,m2o) has been found to vary considerably 
between different sewages. It appears that the only 
way of overcoming these difficulties is to determine 
these constants in laboratory scale investigations uti-
lizing the wastewater to be treated. 
A further difficulty in applying the existing models 
of the CSASP to full scale design is an estimation of 
the influence of cyclic loading conditions on the pro-
cess behaviour. Once the sewage characteristics have 
been established, the general activated sludge theory 
as applied to the CSASP allows the prediction of the 
dynamic behaviour of the process under cyclic load-
ing conditions. This model is very cumbersome and 
can only be utilized in the form of a computer pro-
gram. 
Design engineers prefer simple design charts and 
models. Existing models and the initial design pro-
cedure presented in this paper satisfy this preference. 
However, dynamic solutions of the process behaviour 
cannot be obtained by simplistic models, computer 
models have to be employed, if such solutions are 
required. The use of a simplistic model for the pre-
liminary determination of the independent process 
variables and subsequent analysis of the dynamic be-
haviour of the process by computer models seems a 
satisfactory compromise and indeed appears to be a 
logical approach to design. 
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THE ACTIVATED SLUDGE PROCESS-3 
SINGLE SLUDGE DENITRIFICA TION 
A. C. VAN HAANDEL, G. A. EKAMA and G. v. R. MARAIS 
Department of Civil Engineering. University of Cape Town. Rondebosch 7700. South Africa 
(Receired June 1980) 
Abstract-The general aerobic bi-substrate active-site death-regeneration activated sludge model includ-
ing nitrification of Dold et al. (Proy. Wat. Techno/. 12, 47-77. 1980) is extended to include the kinetic 
behaviour of the denitrification process in single sludge systems. The extension requires a change in the 
value of only one of the kinetic constants (K;,,0 1 in the expression for the particulate substrate utilization 
rate when the environment becomes anoxic. The extended model simulates very closely the response of 
the multi-reactor nitrification-denitrification process configurations under both constant and cyclic flow 
and load conditions. Under constant flow and load conditions. the denitrifieation response predicted can 
be reduced to that approximated by a zero order reaction dN/dt = -KX" with two rates in the primary 
and one in the secondary anoxic reactor respectively. 
NOMENCLATURE 
a = recycle ratio 
. hh = endogenous respiration rate constant for hetero-
trophs (mg x ... mg x .. - 1 ·d- 1) 
h~ = death rate constant for heterotrophs (mg X,, · 
mg X.;- I 'd - I) 
h,, = death rate constant for nitrifiers (mg X n · 
mg X,~ I ·d- 1 ) 
f = inert residue fraction in endogenous respiration 
approach (mg VSS ·mg vss- 1 ) 
= 0.2 
(' = inert residue fraction in death regeneration 
. approach (mg VSS ·mg vss- 1 ) 
f;, = ratio easily biodegradable (Sh,;): total bio-
degradable (Sh,) COD concentration in influent 
(mgCOD·mgCOD- 1 ) 
f,, = nitrogen,'VSS ratio in sludge 
= 0.1 mg NH_,-N ·mg vss- • 
};" = unbiodegradable soluble COD fraction in 
influent (mgCOD·mgCOD- 1 ) 
.f., 0 = unbiodegradable particulate COD fraction in 
influent (mg VSS ·mg coo- 1 ) 
·,=time (d or h) 
t • = duration of primary phase in a pre-denitrifica-
tion reactor (hl · 
A = specific rate of utilization of easily biodegradable 
material (mg COD. mg x,;- I. d- l) 
B = specific rate of adsorption of ·slowly bio-
degradable material (mg COD. mg x~- I. d- I) 
C = specific rate of utilization of stored bio-
degradable material (mg COD·mg x,- 1 -d- 1) 
D = specific rate of release of COD due to lysis 
(mgCOD·mg x,- 1 ·d- 1 ) 
E = specific rate of utilization of ammonia for nitrifi-
cation (mg NH 3-N ·mg X,~ 
1 • d- 1) 
F = !;pecific death rate of nitrifiers (mg X n · 
mgX,~ 1 ·d-- 1 l 
K = denitrification rate constant (mg NOrN · 
mg VSS - I · h - I) 
K 1 = denitrification rate constant in primary phase 
(mgNOrN·mgX,;- 1 ·h- 1 ) 
K 2 = denitrification rate constant in secondary phase 
(mg NOrN·mg X,;- 1 ·h- 1 ) 
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K 3 = denitrification rate constant in post denitrifica-
tion reactor (mg NOrN ·mg X; 1 ·h- 1 ) 
K, = specific adsorption rate constant (I mg X ,- 1 · d - 1) 
Km = maximum specific utilization constant 
(mgCOD·mg X,;- 1 -d- 1) 
Kn = Monod half saturation concentration for nitrifi-
cation (mgNHrN·l- 1 ) 
K = Monod half saturation concentration for bio-
degradable organic material (mg COD -1- 1) 
N .. = ammonia concentration (mg N -1- 1) 
Nn = nitrate concentration (mg N -1- 1) 
O< = oxygen uptake rate for carbonaceous energy re-
moval (mg0·1- 1 ·h- 1 ) 
On = oxygen uptake rate for nitrification (mg 0 · 
1- • ·h- 11 
0, =total oxygen uptake rate (mgO·l- 1 ·h- 1) 
P = COD/VSS ratio (mg COD· mg vss- 1) 
R = nominal reactor retention time (h or d) 
R, = actual retention time (h or d) 
Rh = hydraulic retention time (h or d) 
R, = sludge age (d) 
S = general parameter for COD concentration 
(mgCOD·l- 1 ) 
Sh= biodegradable COD concentration (mg COD· 
1-1, 
S, =total COD concentration (mgCOD·l- 1) 
T = temperature 
X = general parameter ·for sludge concentration 
(mgVSS-i- 11 
X .. = active sludge concentration (mg VSS -1- 1 ) 
X" = concentration of endogenous residue (mg VSS · 
1- 1 ) 
X n = concentration of nitrifiers (mg VSS -1- 1 1 
X, = concentration of stored material (mg VSS -1- 1 ) 
Yh =yield coefficient for hcterotrophs (mg VSS· 
mgCoo-•1 
Y,, = yield coefficient for nitrifiers (mg X,, · 
mgNHrN- 1 ) 
'.X = proportionality constant 
ti.N = nitrogen requirement for sludge synthesis 
(mgN·l- 1) 
ti.N, = reactor nitrate removal (mg N03-N -1-
1
) 
ti.N, =system nitrate removal (mgNOrN·l- 1 ) 
µnm = maximum specific growth rate of nitrifiers 
(mg X 0 ·mg x; 1 ·d- 1 ) 
0 = Arrhenius temperature dependency coefficient 
1136 A. c. VAN HAANDEL et al. 
Additional indexes: 
p = refers to slowly biodegradable material 
s = refers to easily biodegradable material 
T = refers to temperature 
I = refers to pre-denitrification 
3 = refers to post-denitrification 
· = refers to an aerobic environment 
" = refers to an anoxic environment 
i = refers to influent 
INTRODUCTION 
In the single sludge nitrification-denitrification pro-
cess organic material in the influent is utilized as elec-
tron donor in the denitrification reaction. Procedures 
for determining the mass of nitrogen removed have 
been. in the main, empirically based. One approach 
has been to model the observed denitrification re-
sponse as one additional to and largely independent 
of the aerobic response-the aerobic phase produces 
the volatile mass which in turn is accepted as the 
basic parameter in formulating the denitrification 
phase. Under constant flow and load conditions de-
velopment of this approach has resulted in a remark-
able close description of the denitrification behaviour. 
However when flow and load varies daily cyclically 
this empirical approach has failed completely-an 
approach taking cognisance of the basic kinetics gov-
erning the system is needed. 
Modelling of nitrification-denitrification systems 
has been limited to the 3 and 2 sludge systems. In the 
3 sludge system complete separation of the respective 
carbonaceous energy removal, nitrification and de-
nitrification phases is achieved by having 3 separate 
reactor systems with settlers in series, I for each 
phase. In the 2 sludge system the energy removal and 
nitrification phases take place in 1 reactor and that of 
denitrification in a second. Modelling of energy re-
moval and nitrification in one reactor has not 
presented any serious difficulties. the reason for this is 
that the 2 reactions are mediated by two entirely dif-
ferent groups of organisms-the auto-trophic nitri-
fiers and heterotrophic energy removers. Their re-
spective kinetic behaviour can be modelled virtually 
independently of each other; the process response of 
the two are linked only insofar as the reactor and the 
process parameters (sludge age, temperature) are com-
mon to both, and that ammonia is abstracted from 
the wastewater for growth by both groups of organ-
isms. 
In both the 3 and 2 sludge systems the denitrifica-
tion phase is entirely divorced from the preceding 
energy removal and nitrification phases. The only 
common feature is the nitrate in the effluent/influent 
flow.link. The denitrification reactor develops its own 
sludge mass under very specific conditions-a simple 
solubl_e easily biodegradable energy source is added to 
the reactor in which nitrate is the sole electron accep-
tor. Consequently, the denitrification reactor organ-
ism mass also is very specific. The denitrification pro-
cess in the denitrification reactor has been successfully 
modelled by Stensel et al. (1973) on lines very similar 
to the activated sludge model of Lawrence & 
McCarty (1970). 
In the single sludge process the same mass of sludge 
accomplishes aerobic energy removal, nitrification 
and denitrification. Nitrification and denitrification is 
achieved either by imposing sequentially anoxic and 
aerobic conditions on the mixed liquor in a single 
reactor, or, by having a minimum of 2 reactors of 
which one is maintained anoxic and the other aerobic 
and recycling the sludge between the 2 reactors. 
Modelling of the single sludge process requires de-
scription of a complex system of intereacting reac-
tions: energy removal for heterotrophic growth takes 
place from the same substrate source under both 
aerobic and anoxic (denitrification) conditions by the 
same organism mass, i.e. the same organism mass 
must react alternately to oxygen and nitrate as elec-
tron acceptors; nitrification is affected by anoxic con-
ditions in that growth of nitrifiers can take place only 
in an aerobic environment, but endogenous respir-
ation takes place under both aerobic and anoxic con-
ditions. The main problem area however is the behav-
iour of the heterotrophic organisms under alternating 
anoxic and aerobic conditions. Despite the com-
plexity of the behaviour of the single sludge nitrifica-
tion-denitrification process, because denitrification, 
like aerobic energy removal, is mediated by heterotro-
phic facultative organisms, one can hypothesise that 
modelling of their respective behaviour under sequen-
tial aerobic-anoxic conditions should not be qualitat-
ively dissimilar even though quantitatively their re-
sponse may differ. In this paper it will be shown that 
in the single sludge nitrification-denitrification pro-
cess when the organisms are in the anoxic phase it 
is necessary to change the value of only one of the 
kinetic constants in order to model the nitrification-
denitrification single sludge system in terms of the 
bi-substrate active-site death-regeneration model of 
Dold et al. ( 1980). 
NITROGEN REMOVAL IN THE ACTIVATED 
SLUDGE PROCESS 
In municipal wastewaters nitrogen is present princi-
pally in the form of amino compounds (organic nitro-
gen) and ammonia. In the activated sludge process 
nitrogen is removed wholly or partially from the 
wastewater by biological activities of the micro-
organisms. through (I) incorporation into the sludge. 
and (2) reduction of nitrate (or nitrite) to nitrogen gas 
when nitrate (or nitrite) serves as electron acceptor. 
Nitrogen incorporation into the sludge mass 
Fractions of the influent nitrogen mass are removed 
by incorporation into the active bio-mass. endogen-
ous residue mass generated, and inert organic particu-
late mass in the influent enmeshed in the sludge mass, 
respectively. In terms of the synthesis-endogenous res-
piration kinetic theory for the activated sludge pro-
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cess, Marais & Ekama (1976) developed the following 
equation to determine the concentration of nitrogen 
removed from the influent flow under constant flow 
and load conditions: 
~N = fn·[Yh(I + f ·hhT·R,) 
1 + hhT' R, 
X (I - fu, - P·furl +fur JS,;. (1) 
From equation (1). for sludge ages longer than 10 
days the concentration of influent nitrogen removed 
per mg influent COD (~N/S,;) is less than 0.03. Raw 
domestic sewage generally has a TKN/S,; ratio of 
0.07--0.10; it follows that only a minor part of the 
influent nitrogen is removed by incorporation in the 
sludge (20-30~ ;,). 
rv itrogen remoral hy reduction of nitrate 
This biochemical reaction is known as dissimilative 
reduction of nitrogen or denitrification and involves 
the reduction of nitrate or nitrite. present in the 
wastewater. to gaseous nitrogen which escapes to the 
atmosphere. The removal of nitrogen is a conse-
quence of biorogical redox reactions wherein bio-
degradable organic material serves as electron donor 
and nitrate or nitrite serves the same function as oxy-
gen. i.e. as electron acceptor. The equivalence is evi-
dent in the following half-reactions: 
Oxygen 
Nitrate 
e- + !N03 + ~H+ -->foN2 + ~H20 
Nitrite 




In transferring electrons from the organic material to 
the electron acceptor (oxygen, nitrate or nitrite) there 
are approximately equal changes of free energy per 
electron transferred irrespective of the donor or 
acceptor (McCarty. 1964)*. From equations (2) and 
(3) it can be noted that the transfer of I electron 
equivalent involves the reduction of ! mol of oxygen. 
or *mot of nitrate. i.e. ¥ g 0 2 = 11 g NOrN, or, 
I mg NOrN = 2.86 mg 0 2 (or COD). Nitrite usually 
is present only in insignificant amounts in nitrifica-
tion-denitrification systems and will not be con-
sidered further. 
Nitrate readily replaces oxygen as electron acceptor 
because the pathway for the transfer of electrons from 
*This is -the basis of the COD test as a means for esti-
mating free energy change in terms of oxygen. 
t An environment wherein neither oxygen nor nitrate is 
present is called anaerobic. Differentiation between anoxie 
and anaerobic states is necessary because the establishment 
of an anaerobic state is one of the necessary (but not suf-
ficient) prerequisites for inducing excess biological uptake 
of phosphorus. 
the organic substrate to the final electron acceptor is 
similar (Christensen & Harremoes, 1972), but the 
presence of dissolved oxygen acts as a strong inhibitor 
on denitrification as it prevents the formation of the 
enzyme necessary for the final electron transfer to 
nitrate (Chong & Morris, 1962). 
From the above it can be conclw;led that there are 
4 conditions that are necessary for denitrification: 
1. Presence of nitrate 
2. Absence of dissolved oxygen 
3. Bacterial mass that can accept nitrate and oxy-
gen as electron acceptor 
4. Presence of a suitable electron donor (energy 
source). 
With regard to (1 ), in the treatment of municipal 
wastes, the presence of nitrate implies that nitrifica-
tion is a prerequisite for denitrification. With regard 
to (2) and (3), an environment that satisfies both is 
called anoxict. With regard to .(3). the ability to 
denitrify is widespread among bacteria; dissimilative 
denitrification with end products N 2• NO and N02 
has been established in numerous cases (Christensen 
& Harremoes. 1977). The bulk of the bacterial mass in 
wastewater treatment systems is facultative and a sig-
nificant fraction is capable of dissimilative denitrifica-
tion. With regard to (4), a variety of carbonaceous 
organic substances have been investigated as energy 
sources for denitrification; these can be categorized as 
follows: 
(al Energy source not present in wastewater, i.e. an 
external carbonaceous energy source (e.g. methanol). 
(b) Energy source present in the influent waste-
water? i.e. internal (influent) energy source. 
(c) Energy source generated within the system by 
the release of substrate by organisms death and lysis, 
i.e. self-generated energy source. 
The external energy source is associated with the 2 
and 3 sludge systems, wherein the energy source is 
added at the denitrification stage. Internal and self-
generated energy sources are associated with the 
single sludge nitrification--denitrification system, 
wherein the same biological mass is placed alternately 
in anoxic and aerobic environments. Only the single 
sludge nitrification-denitrification system will be dis-
cussed in this paper. 
Process configurations 
There are two basic configurations for the single 
sludge nitrification-denitrification system depending 
on the type of energy source, i.e. (I) internal or (2) 
self-generated. 
(1) Internal (influent) energy source. Ludzack & Ett-
inger (1962) were first to propose a process configur-
ation utilizing the biodegradable material in the 
influent as the main energy source for denitrification. 
Their configuration is given in Fig. l(a). The anoxic 
reactor is in partial communication with the aerobic 








































le I Modified activated sludge 
Fig. I. Single sludge nitrification-denitrification activated sludge process configurations. (a) Ludzack 
Ettinger: (b) Modified Ludzack Ettinger: (c) Wnhrmann: (d) Bardenpho: (e) Modified activated sludge. 
reactor. The influent is discharged to the anoxic reac-
tor and the underflow recycle from the settling tank is 
discharged to the aerobic reactor. Nitrification takes 
place in the aerobic reactor an<l nitrified mixed liquor 
is cycled to the anoxic reactor in a r<ithcr iPdctcrmin-
ate fashion by the mixing action in the two reactors. 
As a consequence the denitrification performance of 
the process is very variable. 
Barnard (1973) in developing the Bardenpho system 
proposed (I) complete separation of the anoxic reac-
tor (also called the pre-denitrification reactor). and (2) 
the introduction of controlled recycle from the 
aerobic to the anoxic reactor and (3) discharge of the 
underflow recycle to the anoxic reactor (Fig. lb). We 
can apply this modification to the Ludzack-Ettinger 
system and for identification call the process the 
Modified Ludzack-Ettinger (MLE) process. Com-
pared with the original process the modified process 
has given improved and more consistent performance. 
The MLE process cannot reduce the effluent nitrate 
concentration to zero because the net concentration 
of nitrate established in the aerobic reactor (under the 
concentrations generated in that reactor and removed 
by the denitrification recycles) is the source for both 
the recycle and the effluent flows. 
(21 Self-uenerated energy source. The nitrification-
denitrification configuration in which endogenous 
death and lysis provides the energy for denitrification 
was first proposed by Wuhrmann (1964). A schematic 
representation of this process is shown in Fig. l(c). 
The first reactor. which is aerobic. receives the 
influent flow and sludge return flow from the settling 
tank; nitrification of the influent TKN occurs in th;; 
reactor. The contents of the aerobic reactor discharge 
to the anoxic reactor (also called the post-denitrifica-
tion reactor) where denitrification takes piace. 
The rate of energy release due to organism death 
and lysis is low. resulting in a low rate of denitrifica-
tion. Hence a high degree of denitrification requires a 
large anoxic sludge mass fraction. but experience has 
shown that this may affect the nitrification efficiency 
of the process: the nitrifiers are obligate aero bes, con-
sequently they can multiply only in the aerobic zone 
of the proc_ess. If the organism retention time in the 
aerobic zone is too short. the nitrifiers cannot repro-
duce and nitrification ceases. Therefore. in a design it 
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is possible that, in order to obtain complete denitrifi-
cation, the required anoxic sludge fraction is so great 
that nitrification does not take place. Usually for any 
sludge age the nitrification requirement places a lower 
limit on the aerobic mass fraction and thereby. an 
upper limit on the anoxic sludge mass fraction: the 
latter in turn places a limit on the mass of nitrate that 
can be dcnitrified. 
The two basic configurations described above have· 
been combined to (a) obtain higher denitrification effi-
ciencies, or (bl create conditions necessary for luxury 
uptake of phosphorus. 
(a) Barnard (1973) proposed combining the MLE 
and Wuhrmann configurations to obtain a low nitrate 
in the effluent. called the Bardenpho process (sec 
Fig. Id). He added a flash aeration reactor before the 
final settling tank to strip nitrogen gas bubbles from 
the floes and to nitrify ammonia released in the post-
denitrification reactor. 
"(b) In 1976 Barnard noted that enhanced biological 
phosphorus removal is induced if. at some point in 
the process, the mixed liquor is maintained in an 
anaerobic condition such that phosphorus is released 
from the organism mass. To obtain this condition effi-
ciently an "anaerobic reactor" was included ahead of 
the pre-denitrification reactor to receive the influent 
and the underflow recycle (see Fig. le). Due to the 
relatively low mass of nitrate in the underflow recycle 
it was hypothesized that the capacity for denitrifica-
tion of the anaerobic reactor will be greater than the 
mass of nitrate introduced and hence anaerobic con-
ditions sufficient to cause release of phosphorus will 
be assured. This configuration is called the Phoredox 
system. 
The design of these processes has been largely em-
pirical. based on pilot plant behaviour. The problem 
with this approach is that, because the basic mechan-
isms are not quantitatively delineated, it is almost im-
possible to predict the denitrification behaviour once 
the temperatures. sludge ages or sewage character-
istics differ from those in the pilot plant investigation. 
For this reason a wide-ranging experimental investi-
gation was initiated to enquire if there is a basic pat-
tern of behaviour that does allow a general design 
approach. 
EXPERIMENTALLY BASED OF.NITRIFICATION 
MODEL 
Carlson (1971) and Christensen & Harremoes ( 1972) sug-
gested that the kinetic reaction describing denitrification 
by the activated sludge mixed liquor can be expressed by: 
dN/dt = -KX, (5) 
* At all sludge ages > 4 days under constant flow and 
load conditions the concentration of active sludge. X,. 
given by equation (6) (endogenous-respiration approach) is 
virtually identical to the value calculated from the death-
regeneration approach of Dold et al. (19801. The reason 
for this is that the two approaches are linearly related and 
give the same response once the stored biodegradable and 
easily biodegradable COD concentrations are negligible. 
where 
N =nitrate concentration, mg(NOrN)·l- 1 
(dN/dt) = denitrification rate. mg N ·I- 1 ·time- 1 
t = time in hours or days 
X, = volatile solids concentration. mg· I- 1 
K = specific denitrification constant. mg N · 
mg vss- 1 ·time- 1• 
Equation (5) was developed from batch tests. It indicates 
that the nitrate-time relationship is linear and independent 
of the nitrate concentration. i.e. the denitrification rate is a 
zero order reaction with respect to the nitrate concen-
tration. and a function only of the volatile solids concen-
tration. Although the denitrification reaction may exhibit 
zero order characteristics in batch tests such a relationship 
does not signify a basic biological relationship. When 
batch experiments are done with aerobic sludge. linear 
oxygen time profiles are always obtained and can be de-
scribed by a relationship such.as equation (5). but an acti-
vated sludge theory cannot be developed only from such a 
behavioural pattern. as it is the consequence of a number 
of mechanisms operating in the process. However. it is 
possible that in a multi-reactor nitrification-denitrification 
system. the reaction in the anoxic reactors may exhibit 
characteristics that can be modelled empirically by a linear 
relationship such as equation (5). If. for example. K in 
equation (5) shows reasonable constancy and is indepen-
dent of the influent COD in different nitrification-denitrifi-
cation configurations. it would serve adequately as a design 
tool even though it is empirical. -
Experimental background 
Jn order to evaluate equation (5) as a basis for describing 
denitrification behaviour. Marais and a number of co-
workers (Stern & Marais. 1974: Wilson & Marais. 1976: 
Marsden & Marais. 1976) undertook an extensive investi-
gation into the kinetic behaviour of the Modified Lud-
zack-Ettinger and Wuhrmann systems using plug-flow 
regimes for the respective anoxic reactors. By sampling the 
nitrate concentration along the length of an anoxic pl.ug-
flow reactor the denitrification kinetic behaviour could be 
determined by plotting time profiles of the nitrate concen-
tration. Experiments were carried out using only raw and 
sc!tled municipal influents. over a range of sludge ages. 
sludge concentrations. influent COD concentrations and 
recycle ratios between 14 and 20 C. 
Under constant flow and load conditions the nitrate 
concentration-retention time profiles typically exhibited 
shapes as indicated in Fig. 2(a) and 2(b) for pre- and post-
denitrification reactors respectively. The post-denitrifica-
tion profiles all exhibited a single phase linear decrease of 
the nitrate concentration with time. i.e. behaviour that can 
be described by equation (5). The pre-denitrification pro-
files however. all indicated a two phase denitrification re-
sponse. i.e. (I) a fast primary phase of short duration 
( 1-9 min) followed by (2) a slower secondary phase that 
persisted for the balance of the time in the plug-flow reac-
tor. 
Analysis of the experimental data over a range of sludge 
ages (10--20 days) indicated that the rate of denitri!lcation 
was directly proportional to the concentration of the active 
fraction of the sludge. X,, not to the total volatile sludge 
concentration, X, .. as suggested by Christensen & Harre-
moes (1972). The concentration X" was estimated utilizing 
the equation proposed by Marais & Ekama (1976) (based 
on the systhesis-endogenous respiration approach to acti-
vated sludge kinetics) for constant flow and load con-
ditions. i.e. 
Yh.Sh, R, 
X, = I + hhTR, Rh 
(6)* 
where 
hhT = 0.24( l.029)T- 20. 
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With regard to the applicability of equation (6) to anoxic-
aerobic systems, experimental data indicate that, provided 
the anoxic volume fraction is less than 40'/~, the production 
of sludge does not appear to be significantly different from 
that generated in a completely aerobic system (Stern & 
Marais, 1974; Heide, 1977). One can infer from this that 
both Y,, and b•T are not significantly affected by the anoxic 
zone (when it is not too large) and, that organism death 
and lysis takes place in both the aerobic and anoxic zones. 
Experimentally based model 
In a plug-flow reactor in a nitrification-denitrification 
system, if the rate of denitrification is constant over the 
actual hydraulic retention time of the anoxic reactor, R., a 
denitrification rate constant can be defined by equation (5), 
. except that x. replaces X., i.e. 
K = AN./(R.X.) (7) 
where 
AN. = difference between influent and effluent nitrate 
concentrations (N; - N,) in the plug-flow reac-
tor. 
If the rate of flow through the plug-flow reactor is 
Q·(l +a) (where Q =average influent flow rate to the 
plant and a = recycle ratio) the flow passes (a + 1) times 
through the reactor and the system removal AN, is given 
by: 
AN,= (a+ l)·AN. =(a+ l)(N; - N,). .. (8) 
The nominal retention time R is defined by V /reactor)/Q 
and is related to the actual retention time, R., by 
R = R.(a + 1). (9) 
Substituting equations (8) and (9) in equation (7): 
K = AN,/(RX.) 
= AN.(l + a)/(R.(l + a)X.) 
= AN,/(R.X" ). (10) 
Equations (7H9) are valid only if the nitrate is not reduced 
to zero somewhere before the end of the plug-flow reactor 
flow path. From the development of equation (10) [from 
equation (7)], it is evident that K is independent of the 
recycle ratio, a. 
Considering the plug-flow post-denitrification reactor, 
(Fig. 2a), the conditions are identical to those stated for the 
formulation of equation (7) (Fig. 2b). Consequently, the 
system removal of nitrate, AN 3,, can be written directly, 
AN3, = KJX.R 1 (11) 
where the index 3 refers to the post-denitrification reactor. 
*The value of K 1 at 20°C was determined in a com-
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Pre- denitrificatian 
Considering the pre-denitrification reactor !Fig. 2), equa-
tion (7) cannot be applied directly. In this reactor two rate 
phases are observed (Fig. 2a). In order to determine a deni-
trification rate constant for each phase, it was assumed that 
in the first phase the high rate is due to two simultaneous 
processes: a primary rate with a denitrification rate con-
stant, K 1, that persists only over the period of the primary 
phase, tP, and a secondary rate with a denitrification rate 
constant, Ki, that persists for the total time in the anoxic 
reactor (interrupted lines in Fig. 2a). (Later it will become 
evident that there is good reason for this assumption.) 
Consequently, the system removal AN, can be expressed 
as: 
AN,= AN.,+ ANi, 
= K 1X,·tp(a + 1) + KiX.R 1 (12! 
where 
AN., = system removal due to denitrification with rate 
constant K 1 
ANi, = system removal due to denitrification with rate 
constant Ki 
R 1 = nominal retention time in the pre-denitrification 
reactor 
t" = duration of the primary phase in h. 
From numerous experimental nitrate profiles the values 
of K1, Ki and K 1 were calculated over a range of sludge 
ages. from 10 to 20 days, temperatures from 14 to 20'T and 
influent CO D's from 300 to 800 mg 1- 1• Figure 3(a) shows 
a statistical plot for both K 1 and Ki at 14 and 20'C re-
spectively, and Fig. 3(b) a plot for K1 at 14°C (R, = 20 
days). 
Statistical comparisons of the respective mean K., Ki 
and K 3 values at the same temperature, but at different 
sludge ages for different influent COD concentrations. 
showed not significant differences, i.e. the K values 
appeared to be independent of sludge age, influent COD. 
sludge concentration and recycle ratios. 
Temperature dependency of the mean K 1, Ki and K 3 
values respectively was formulated assuming an Arrhenius 
type equation: 
K 1r = 0.03(1.20)r-iomgN·mgX,~ 1 ·h- 1 (13) 
K2T = 0.0042(1.08)T-iomgN·mgX,~ 1 ·h- 1 (14) 
K 31' = 0.0033(1.03)r = io mg N ·mg X,~ 1 • h - 1 .* (15) 
The system reduction of nitrate, AN 1,, due to the reaction 
with rate constant, K., was also calculated. It was found 
that AN 1, is proportional to the influent biodegradable 
COD concentration and independent of the temperature, 
sludge concentration and recycle ratio (Stern & Marais, 
1974). 
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Fig. 2. Typical nitrate concentration-retention time profiles in anoxic plug flow reactors. 
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the plug flow reactors were replaced by completely mixed 
reactors it was found repeatedly that within experimental 
error, the denitrification achieved in the completely mixed 
reactors was in accordance with the predictions of equa-
tions (7H 17) using the experimentally determined values 
for K 1, Ki and K 3 [equations (13H15)]. and :x [equation 
(16)]. 
The system reduction for a process having both pre- and 
post-denitrification reactors (Fig. Id) can now be written: 
~N, =~Ni,+ ~Ni,+ ~NJ, 
= :xSh, + KiX,R, + K 3 X"R 3 . (17) 
An important point to note is that equation (17) is valid 
only if the nitrate is not reduced to zero in any one of the 
anoxic reactors. If this condition is satisfied the recycle 
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Fig. 3. (al Statistical plot of the denitrification rate con-
stants K 1 and Ki in a pre-denitrification reactor. (bl 
Statistical plot of the denitrification rate constant K_, in a 
post-denitrification reactor. 
The mean experimental value of :x was found to be 
0.028 mg N ·mg S~;'. (See Fig. 4.) 
The values of K 1• Ki and K 3 and in equations (13)-(16) 
are mean values. The data showed wide variation (see 
Fig. 3) and although the standard deviation of the mean is 
small. it should not be inferred that the mean has a corre-
sponding stability: reviewing the data indicates that 
sequences of low and high values were often obtained. The 
lengths of these sequences were usually associated with the 
feed periods of a batch of influent sewage (one batch was 
used for 1-2 weeks). Variation of ±25" 0 in the values of 
K 1• Ki· K 3 and :x were not uncommon. The changes in 
these values very evidently were in part due to changes in 
the sewage characteristics from batch to batch. Identifica-
tion of some of the causes of change will become possible 
after modelling the general behaviour of the process later 
in this paper. 
The fact that linear nitrate profiles are obtained in plug-
flow reactors indicates that in the particular states present 
in these reactors the denitrification rate approximates a 
zero order reaction. Consequently if completely mixed 
reactors replace the plug flow reactors the nitrogen re-
moval again should be amenable to estimation by means of 
the equations developed above, all of which implicitly con-
tain the zero order approximation. In experiments where 
must be a minimum recycle; this is determined by the re-
cycle value that~ causes the nitrate to be zero al the end 
of the plug flow reactor. If the recycle is less. the nitrate 
will become zero before the end of the reactor is reached-
the recycle can be increased (with concomitant increase in 
the nitrate removan to the point where nitrate~ starts to 
appear in the effluent. Once nitrate appears in the effluent 
from all the anoxic reactors then theoretically. a further 
increase in the recycle will have no effect on the system 
nitrate reduction. Practically, however. it is necessary to 
take into account the oxygen in the recycles; at high re-
cycles the mass of oxygen introduced may significantly 
reduce the mass of nitrate denitrified in an anoxic reactor. 
Essentially the relationships developed above are empiri-
cal; except for the linkage of denitrification with X, instead 
of X,. there is no evident link with the activated sludge 
process theory. To find such a link attention was directed 
to the general theory for aerobic processes developed by 
Dold et al. ( 1980). 
INTEGRATION WITH THE GENERAL THEORY 
In the general theory by Dold et al. (1980) it is 
stated 'that the biodegradable material in municipal 
sewage expressed as COD is divided into two frac-
tions. (a) easily biodegradable (about 24~/~ of the total 
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degradable (76'\',).* To incorporate denitrification kin-
etics into the aerobic kinetic model it was hypothe-
sized that the two phase behaviour observed in the 
pre-denitrification reactor arose from the response of 
the organisms to the two substrate character of the 
influent feed. If this is correct, then theoretically the 
two phase behaviour should be predicted also if the 
plug-flow anoxic reactors are replaced by plug-flow 
aerobic reactors, and the process operated under con-
stant load and flow conditions. Accordingly, plug-
flow reactor options were incorporated into the gen-
eral aerobic model, and under constant load and flow 
conditions oxygen profiles for the pre- and post-aero-
bic reactors were generated. 
The simulated response of the dissolved oxygen 
profile in the pre- and post-aerobic plug-flow reactors 
for X. = 1000·1- 1, sludge age= 20d, tempera-
ture = 20°C is shown in Fig. S(a) and (b) respectively. 
Also shown are the nitrate profiles based on the ex-
perimental values of the denitrification rate constants 
and et. [equations (13)--(16)] and plotted as equivalent 
oxygent, to allow direct comparison between the re-
spective curves. The simulated aerobic and observed 
anoxic profiles are strikingly similar: the two phase 
behaviour in the pre-anoxic reactor and the single 
phase behaviour in the post-anoxic reactor, is clearly 
reproduced in the aerobic simulations, except that the 
simulated slopes corresponding to the K 2 and K 3 rate 
phases differ from the observed anoxic slopes. 
Furthermore, the concentration of nitrate (or equival-
ent oxygen) removed due to the high rate in the 
primary phase of the anoxic reactor is the same as the 
corresponding concentration of oxygen removed in 
the aerobic reactor (sec extrapolation to t = 0 in 
*The composition of COD in municipal sewage is ap-
proximately as follows: 5~·~ soluble unbiodegradable; 13'.',;. 
particulate unbiodegradable; 20~·;. easily biodegradable and 
62~·:. particulate biodegradable. 
t Adjustment on the basis of I mg NOrN = 2.86 mg 
02. 
Fig. Sa). The similarity of the profiles is so clearly 
evident that it was accepted that the general aerobic 
model can provide a basis for modelling the denitrifi-
cation behaviour. The problem now was what 
changes and additions needed to be made to the 
aerobic model to allow a quantitative description of 
the response of a nitrification-denitrification single 
sludge system. The following aspects formed the basis 
for formulating the changes necessary. 
I. In the bi-substrate active-site death-regeneration 
model there is only growth (synthesis) and death, the 
latter with its associated substrate release by lysis; no 
endogenous respiration per se, is recognized. From 
comparisons of the oxygen utilization rates in com-
pletely mixed reactors, simulated and observed, in dif-
ferent aerobic systems, it appears that the lysed 
material is slowly biodegradable particulate COD. 
This material is added to the same material derived 
from the influent to constitute the energy source of 
slowly biodegradable particulate material [equation 
(23)]. 
2. Growth of the heterotrophs is assumed to take 
place in both aerobic and anoxic conditions; death 
and lysis take place irrespective of whether the con-
ditions are aerobic, anoxic or anaerobic. Under 
anaerobic conditions no heterotrophic growth can 
take place, but, due to death and lysis there is a corre-
sponding accumulation of lysed slowly biodegradable 
material. 
3. Growth of the nitrifiers can take place only 
under aerobic conditions; death is assumed to take 
place irrespective of aerobic, anoxic or anaerobic con-
ditions. 
4. The general theory accepts that easily bio-
degradable and slowly biodegradable material are 
simultaneously and independently utilized in syn-
thesis [equations (22) and (24)]. This assumption is 
reasonable, unless the particulate material stored on 
the active sites are all occupied (a situation possible in 
the contact reactor of a contact stabilization plant). 
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Normally the organisms remain essentially in a con-
tinuous state of stress due to the low food/micro-
organism ratio even under cyclic loading conditions. 
once the sludge age exceeds 4-6 days. 
For the general model the differential equations de-
scribing the aerobic system have been set out by Dold 
et al. ( 1980) and for convenience, are repeated here. 
Let 
C = K;,,r·P·Xj(X.P + K_"X,,) 





Then the differential equations for energy removal 
arc: 
dShjdt = -A·X" 
dShr/dt = ( - B + (! - .f'lDJ · X" 
dX,/dt = (B - Cl/P· X" 
dX 0 /dt = (Yh(A + C) - D/P)X, 
dXjdt =f'DiP·X. 
0, =(I - P}'~)(A + C)X,,. 
Let 









Then the differential equations for nitrification are: 
dN./dt = -E·Xn 
dNn/dt = EXn 
dX,,/dt = (YnE - F)·Xn 





The temperature dependency of the various constants 
are: 
(a) Carbonaceous (energy removal) 
K,,,, = 8(1.20)°1 ·· 20 mgCOD·mgVASS- 1 ·d- 1 (341 
K_, = S(l.OO)T-ZOmgCODr 1 (3S) 
K;,,r = 3.0(l.060)T-zomgCOD· 
mgVASS- 1 ·d- 1 (36) 
Kr= 0.04(1.1)20 -rmgCOD·mgVASS- 1 (37) 
Ka = 0.2S( 1.029)1 - 20 I· mg vss- 1 • d - 1 (38) 
h~ = 0.62( 1.029)1 - 20 mg VASS· 
mg VASS - 1 • d - 1 
f' = 0.08 mg VSS ·mg VASS - 1 
P = 1.48 mg COD·mg vss- 1 





(b) Nitrogencous (nitrification) 
µnm= (0.3--0.6S)(l.123)T-ZO 7.2 ~pH~ 8.0 (43) 





1 ·d- I (44) 
Y,, = 0.1 mgX 0 ·mgNHrN- 1 . (4S) 
Equation (27) describes the oxygen utilization rate 
and needs adjustment for an anoxic environment in 
order to express the utilization rate of nitrate instead 
of oxygen: 
(dNn/dt) = -(I - Ptii)(A + C)·X.,/2.86. (46) 
The fact that the observed rate of nitrate removal (as 
equivalent oxygen) in the anoxic reactors was not so 
rapid as the simulated decrease of dissolved oxygen in 
the aerobic reactors (Fig. Sa and b) indicated that the 
rate of utilization of particulate substrate in the 
anoxic environment is lower. The degree in which the 
rate is reduced was estimated by considering first the 
post-denitrification reactor. -
In the post-denitrification reactor the concentration 
of easily biodegradable nutrient is virtually zero and 
the rate of nitrate removal is associated only with the 
utilization of slowly biodegradable material. It was 
possible to simulate the experimental nitrate profile 
in a post-denitrification reactor at 20 C accurately 
when the value of the maximum specific substrate 
utilization rate constant K'.nr· for slowly bio-
degradable material was reduced to a fraction. 0.38. of 
the value this constant has in an aerobic environment. 
Figure S(b) shows the simulated nitrate profile in a 
post-denitrification plug-flow reactor for T = 20 C 
R, = 20d. x. = IOOOmg·l- 1 and an anoxic sludge 
fraction of 2S~ 0 • when the maximum specific substrate 
utilization rate for slowly biodegradable substrate. 
K;;,r· is set at a value: 
K~,r = 0.38 K~,0 = 1.14 mg COD· 
mgx,: 1 ·d- 1 (at20C). (47) 
When this same value for K;;,r was used to simulate 
denitrification in a pre-denitrification reactor under 
the same conditions of temperature. sludge age and 
anoxic volume fraction, again a very close correspon-
dence between simulated and experimental nitrate 
profiles in the secondary phase was obtained (see 
Fig. Sa). 
With regard to the maximum specific utilization 
rate constant for easily biodegradable material, Dold 
et al. (1980) could not determine K"', accurately in 
an aerobic environment from the completely mixed 
reactor response under square wave cyclic -flow 
and load conditions. The utilization of easily bio-
degradable substrate is an extremely rapid reaction 
and all that could be established was a lower limit for 
the constant-any value greater than the minimum. 
predicted a behaviour in conformity with the obser-
vation. The lower limit was determined as K,,,, = 
SmgCOD·mgX,: 1d- 1 at20C. However. in anoxic 
plug flow reactors it was possible to derive a value for 
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Fig. 6. Simulated and experimental denitrification rate constants K 2 (a) and K 3 (b) vs sludge age. 
Km, from fitting simulated and experimental nitrate 
profiles in the plug flow reactor. This gave K 01 , = 
8 mg COD· mg x,: 1d- 1 at 2o·c. This value. because 
it also satisfies the observed aerobic response, was 
adopted for both aerobic and anoxic conditions. 
Uncertainty of the values of Km, in both aerobic or 
anoxic states, in fact, is not important, because the 
rate of utilization of easily biodegradable material is 
so high that invariably the reaction is complete well 
within the actual retention times normally provided. 
Once the values of K;.,, and K~r at 20'C were 
established for a sludge age = 20 d and an anoxic 
volume fraction = 25°/~. simulations were done for 
different sludge ages and anoxic sludge fractions. 
From the simulated slopes of the nitrate profiles in 
the secondary phase of the pre-denitrification plug 
flow reactor and in the single phase of the post-
denitrification reactor, the values of K 2 and K 3 were 
calculated. The simulated response data indicated 
that ( 1) the magnitudes of the anoxic volume fractions 
have virtually no effect on the simulated K values, 
neither in the pre- nor in the post-denitrification reac-
tors. (2) In the range of sludge ages from 10 to 20 days 
the respective K values remain substantially constant 
(see Fig. 6a and b). The constancy of the K values 
over this range of sludge ages has been noted experi-
mentally earlier in this paper. 
In order to establish the temperature dependency 
for the constant K~r the simulations were repeated 
for a temperature of 14"C using pre- and post-denitri-
fication plug flow reactors. The value of K~r was 
varied until close correspondence between experimen-
tal and observed nitrate profiles was obtained. As for 
the aerobic model, an Arrhenius type of temperature 
dependency was assumed, i.e. 
(48) 
It was found that at 14''C the best correspondence 
between the experimental and simulated Ki and K 3 
values was obtained when K~rT was given a tempera-
ture dependency of Or = 1.06. In Fig. 6(a) and (b) the 
experimental and simulated values of K 2 and K 3 for a 
temperature of 14' C are shown plotted as a function 
of the sludge age. By using Or = 1.06 it is possible 
therefore to obtain good correlation of the observed 
and theoretical K values over the range T = 14-20'C. 
Dold et al. (1980) accepted a temperature dependency 
of Or = 1.029 for K;.,r in their analysis of aerobic sys-
tems. However, when the temperature dependency 
Or = 1.06 was inserted for K;.,r to simulate experimen-
tal data of aerobic systems at 12:e, it was found that 
the predicted response was fractionally closer to the 
observed one than in the case where Or = 1.029 was 
used. The value. of Or = 1.06 therefore seems to be 
acceptable for both aerobic and anoxic environments. 
The temperature dependency of Km,T for the process 
was determined also by fitting the simulated to the 
observed profile in the reactor. Similarly from the 
slope of the nitrate profiles in the primary phase of a 
pre-denitrification plug flow reactor the temperature 
dependency of K;.,, could be established when again 
an Arrhenius type of temperature dependency was 
assumed, i.e. 
(49) 
The closest correlation was obtained with 0, = 1.20. 
Once the temperature dependencies of Kmr and 
Km, were known, simulations were done over the tem-
perature range between 12 and 22 C. In Fig. 7 the 
simulated values of Ki. Ki and K 3 are shown plotted 
as a function of the temperature for sludge ages 
R, = 10 d and R, = 20 d. The experimentally ob-
served K values are also indicated. 
Having calibrated the model it is now of interest to 
inquire if there is a simple quantitative link between 
the K values and the kinetic constants for substrate 
utilization. This can be done as follows: The rate of 
nitrate utilization as expressed in equation (46) can be 
divided into a rate associated with the utilization of 
easily biodegradable material, dN ifdt, and a rate as-
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Substituting for A from equation (18), one obtains: 
dNi/dt = -(1 - PYh)Km,·Sh,-X./((Shs 
+ K,,)2.86). (53) 
As the half saturation value. K,,, is very small, 
(K,, = 5 mg COD -1- 1) the expression 
Km,- Sh,/(K,, + Sh,) remains virtually constant and 
equal to Km, until Sh, falls to very low values. Conse-
quently, the function in square brackets in equation 






The .!.!lill of denitrified nitrate, from equation (46), is 
directly proportional to the mass of substrate utilized 
in the denitrification reaction, the proportionality 
constant being ( l - P Yi, )/2.86. In a pre-denitrification 
reactor normally all the influent easily biodegradable 
substrate is completely utilized and hence the nitrate 
removal associated with the utilization of easily bio-
degradable material can be expressed as 
iiN,, = (l - P}f,)·Sbsi'/2.86. (56) 
Substituting for Y = 0.45 and P = 1.48: 
(57) 
Now in unsettled and approximately so in settled 
municipal waste flows 
Sbsi = 0.24 Shi. (58) 
Substituting in equation (57) 
fiN Is = 0.028 Shi (59) 
g1vmg the same value as that experimentally ob-
served, in equation (16). This reaction applies only in 
the pre-denitrification reactor, in the post-denitrifica-· 
tion reactor Sh, is essentially zero. 
With regard to the slowly biodegradable COD frac-
tion, the nitrate utilization rate can be expressed by 
substituting equation (20) in equation (37): 
dN 2/dt = (I - P}f,)K;;,r · P· X, · X./(PX, 
+ K,PX.)/2.86. (60) 
Considering the pre-denitrification reactor, X, is large 
and due to the slow rate of the reaction there is only a 
small change in X, between the beginning and the end 
of the plug flow reactor. Consequently, again it is 
possible to write 
(61) 
even tho~gh the constancy exhibited by K 2 arises 
from a different cause from that for K 1 . Considering 
the post-denitrification reactor, X, generally is very 
small arising principally from storage of lysis 
products. The concentration of X, hardly changes 
from the beginning to the end of the reactor and con-
sequently again the slope, dN 3/dt, can be expressed as 
in equation (60): 
The behavioural patterns described above have 
been observed elsewhere. Heideman (1979) analysed 
the denitrification behaviour in batch experiments. 
using mixtures of sludge and influent municipal sew-
age. By observing the change of nitrate and soluble 
COD with time he found that (l) the nitrate time 
profile was very similar to that observed by Marais & 
Ekama (1976) in pre-denitrification plug flow reactors, 
i.e. there was a high denitrification rate in the primary 
phase followed by a lower rate in the secondary 
phase. (2) Cessation of the primary phase occurred 
when the soluble COD concentration attained a con-
stant value, i.e. when all the easily biodegradable sub-
strate was utilized. (3) The ratio between the nitrate 
removal due to the high rate, i.e. iiN 1s, and the de-
crease in the soluble COD concentration, i.e. Shsi, was 
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and load conditions. (Plant design parameters in Table I.) 
repeatedly found to be in the range 0.11--0.12 mg N · 
mg con- 1, the same as determined above [equation 
(57)]. Furthermore, the two phase behaviour was ob-
served only when sludge and influent sewage were 
mixed: batch denitrification tests with sludge only 
yielded linear profiles akin to the post-denitrification 
plug flow nitrate profiles. Unfortunately, it was not 
possible to calculate the active sludge concentration 
from the data supplied by Heideman, so that the deni-
trification rate constants (in terms of mg N ·mg X; 1 · 
d - 1 ) could not be determined. 
From the analysis above the denitrification "'con-
stants" K 1• Ki. K3 have no fundamental kinetic sig-
nificance: they are a result of a combination of kinetic 
reactions which, fortuitously, show little variation 
with sludge age (in the range from 10 to 20 days) at 
any selected temperature in the range 12-22'-C. Both 
from an experimental and a practical point of view it 
would appear that for design, the acceptance of con-
stant values for KI> Ki and K 3 at any selected tem-
perature is not unreasonable and hence suitable for 
estimating the denitrification achievable under con-
stant flow and load conditions. 
MODEL VERIFICATION 
The plug flow experiments allowed calibration of 
the general nitrification-denitrification model. It now 
remains to check if the calibrated model applies to 
completely mixed reactors under more general con-
ditions of flow and load. 
The predictive power of the calibrated model was 
tested by comparing the simulated data with those 
observed in completely mixed series reactor nitrifica-
tion-denitrification systems under a variety of flow 
and load conditions. In addition, tests were carried 
out in a single reactor system where the environment 
was made sequentially aerobic and anoxic. 
The series reactor systems were all space dependent 
(Ekama & Marais, 1978) and time dependency could 
be superimposed by cyclicly varying the flow and/or 
load conditions. An experimental investigation was 
carried out at pilot plant level under both time inde-
pendent and time dependent conditions at Daspoort 
Sewage Works, Pretoria. The process configuration is 
shown in Fig. 8. It consists of a series of 5 equal-sized 
reactors each of 5 m3 capacity, the first reactor 
anoxic, the remainder aerobic, with an underflow re-
cycle to the anoxic zone of 3: 1. Sewage characteristics 
and design parameters are listed in Table l. Two 
series of tests were carried out. 
The first series was carried out under time indepen-
dent and space dependent conditions by having a 
constant influent flow and load. In Fig. 8 the averages 
of 27 daily measurements of the process variables, i.e. 
oxygen uptake rate, VSS, COD, TKN, ammonia and 
Table I. Anoxic/aerobic pilot plant design parameters and 
sewage characteristics (see Fig. 8) 
Parameters 
Configuration 
No. of reactors 
Total volume (m 3) 
Sludge age (d) 
Influent flow (m 3 ·d-1) 
Influent COD (mgl- 1) 
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nitrate concentrations are shown plotted. Also shown 
are the predictions by means of the model. 
The second series was carried out under time and 
space dependent conditions by imposing a daily cyclic 
load as follows: A constant influent flow was drawn 
directly from the discharge of a primary settling tank 
of a full scale works, so that the natural diurnal vari-
ations of the COD, TKN and ammonia concen-
trations of the waste flow was imposed on the process. 
The same process variables as in the first series 
were measured at regular intervals over a number of 
24 h test periods. The results of one 24 h test are 
shown in Fig. 9(a), the simulated results in Fig. 9(b). 
The simulations of Figs 8 and 9 were obtained 
assuming values of all the kinetic constants [equa-
tions (34-45)] to be identical to those reported by 
Dold et al. ( 1980), for aerobic systems and calculating 
K:;,P from equation (48). With regard to the maximum 
growth rate of nitrifiers, J'nmzo, Dold et al. (1980) 
found repeatedly that its value is dependent on the 
waste flow source and can vary from 0.15 to 0.65 d - 1 . 
Its value must therefore be determined by fitting the 
simulated nitrate profiles to the experimental for 
every individual waste flow. 
In the first series of tests, i.e. under constant flow 
and load conditions, (Fig. 8), there was good corre-
spondence between simulated and the mean experi-
mental data, for all the measured variables, in each 
reactor. In the second series of tests. i.e. under cyclicly 
varying load conditions (Fig. 9) it was not possible to 
obtain the same close correspondence. A problem 
here was that the reproduceability of experimental re-
sponse between different runs was rather poor. The 
imposition of cyclic flow and load conditions exerts 
severe demands on the predictive power of the model 
and from a theoretical point of view this system 
should be the most satisfactory for checking the vali-
dity of the general model. Unfortunately, the quasi 
plug How conditions in the series system tend to cause 
unstable response if a perturbation appears either in 
the value of a kinetic constant or in the flow and load 
conditions. Such effects can be averaged out if the 
cyclic test is repeated a number of times and a mean 
effect calculated but the magnitude of work involved 
makes this approach rather impractical. 
At laboratory scale, Wilson & Marais (1976) tested 
a two reactor process under cyclic conditions 
(Fig. 10). The process consisted of a pre-denitrification 
At laboratory scale, Wilson & Marais (1976) tested 
a two reactor process under cyclic conditions (Fig. 
10). The process consisted of a pre-denitrification 
reactor (1.0 I.) and an anaerobic reactor (6.41.) in 
series with an underflow recycle ratio of 1.5: 1 with 
respect to the mean daily influent flow. A square wave 
flow and load pattern (12 h constant feed, 12 h no 
feed) was imposed with a flow of 15ld- 1 of settled 
municipal sewage from the Athlone-Cape Town out-
fall (COD= 570mgr 1 ; TKN = 54mg·l- 1 ). This 
waste flow contained a high proportion of industrial 
discharge. Figure 10 shows the simulated and ob-
served concentrations of nitrate and TKN in the 
anoxic and aerobic reactors and the oxygen uptake 
rate in the aerobic reactor for one experiment over a 
period of 26 h. The average values of effluent COD 
and volatile solids concentration are also indicated 
(Fig. !Oc). 
To obtain the best correlation between the experi-
mental and simulated data it was necessary to assume 
that the fraction of easily biodegradable material was 
only 10~~ of the biodegradable influent COD concen-
tration (instead of the average fraction of 24% 
reported by Ekama and Marais) and that the maxi-
mum specific substrate utilization rate constant for 
slow biodegradable material had to be reduced from 
3.0 to 2.3mgCOD·mgx.- 1 ·d- 1, still keeping 
K:;,P = 0.38 K;,,P [equation (48)]. In addition a maxi-
mum specific growth rate of nitrifiers µ 0 m 2o = 
0.17 d - i had to be used to describe the nitrification 
behaviour. The lower values can be ascribed to the 
high proportion of industrial waste in the influent 
sewage. With these adaptions it was possible to simu-
late very closely the experimental data (see Fig. 10). 
In all the test series reported experience indicated 
that instability, i.e. poor reproduceability in response 
arose either from series configurations operation, or 
cyclic variation load, or hydraulic effects due to pre-
cipitous changes in flow rate, or a combination of 
these. Consequently, in a third investigation it was 
sought specifically to find a system in which severe 
demands would be imposed on the predictive power 
on the model but the factors inducing instability 
would not be present. A system found to satisfy these 
requirements was a single reactor system operating 
under constant flow and load, but with alternate 
periods of aerobic and anoxic conditions. A reactor of 
61. was operated at a sludge age of 6 days and a 
temperature of 2ff'C. Sewage was obtained from the 
Strandfontein outfall, Cape Town. The influent flow 
was kept at a constant value of 20 Id - 1 and the 
influent concentrations of COD and TKN as near as 
possible to 500 and 45 mg -1- 1 respectively. During an 
experiment the oxygen supply to the mixed liquor was 
interrupted for certain time periods each day and the 
concentrations of TKN, ammonia, nitrate, COD and 
VSS were observed over both the anoxic and the 
aerobic periods. During the aerobic periods the oxy-
gen uptake rate was measured. A short sludge age of 6 
days was selected as this assures a high rate of denitri-
fication per unit sludge mass. By varying the lengths 
of the anoxic periods the possible effects of these 
periods on nitrification and denitrification also could 
be evaluated. 
Figure 11 shows the experimental and simulated 
response for an anoxic period of 5 h, followed by an 
aerobic period of 19 h. The oxygen uptake rate (and 
equivalent oxygen uptake rate during the anoxic 
period, Fig. 1 la), volatile solids and filtered COD 
concentrations (Fig. 1 lb), TKN, ammonia and nitrate 
concentrations (Fig. 1 lc, d and e respectively) are 
plotted vs time. In addition, the alkalinity time profile 
Experimental data observed load variation Experimentol data observed load variation 
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was measured and simulated (Fig. l If) assuming stoi-
chiometric changes due to nitrification and denitrifi-
cation and taking into account the effect of ammonifi-
cation (Scearce et al .. 1980). 
The following values were obtained for the fits 
shown in Fig. 11: fc., = 0.0; K;.,r = '2.2: K;;,r = 0.66: 
µ0 m20 = 0.45. Note that the value for K;.,r is lower 
than the mean value found by Dold et al. ( 1980) and 
that the value of K;.,r is lower than that calculated by 
equation (48). The fraction of easily biodegradable 
COD.Jc,. was zero instead of the mean value of 24° 0 
of the biodegradable COD. Because these constants 
deviated from the mean values derived by Dold e,t al. 
(1980) from their accumulated data. the validity of the 
experimental procedure with the single reactor system 
was checked by carrying out experiments during the 
same time. utilizing four modified Ludzack Ettinger 
systems each with different anoxic volume fractions. 
treating the same sewage as the single reactor system. 
Simulation of these systems utilizing the constants de-
rived from the single reactor system gave excellent 
correspondence with the experimental data. It was 
therefore concluded that the very low values of K;.,r 
and K;;,r and fc. were due to the sewage character-
istics and could not be ascribed to the experimental 
set up using a single reactor system. 
An interesting observation from the nitrification be-
haviour at 20'C was that the close correspondence 
between the experimental and simulated nitrate pro-
file (Fig. l le) implies that the imposed anoxic period 
of five hours did not appear to have any noticeable 
influence on the nitrification behaviour subsequently; 
no lag phase was apparent, and the rate of nitrifica-
tion attained its maximum value immediately on. 
reimposing aerobic conditions. This conclusion is 
substantiated by the good correspondence between 
simulated and experimental profiles of TKN. am-
monia. oxygen uptake rate and alkalinity during the 
aerobic period. 
Even though the cyclic changes of all the variables 
(except the VSS and filtered COD concentrations) 
were substantial. reproducibility in experimental re-
sponse was excellent. Changes in simulated response 
on changing the values of the kinetic constants in the 
expressions for nitrification and denitrification indi-
cated that the response is very sensitive to the values 
assigned to these constants. Hence, by means of the 
experimental method described above in conjunction 
with the simulated model it was possible not only to 
obtain reliable experimental data but also accurate 
·estimates of the kinetic constants for a particular 
waste flow and constitutes a most convenient and 
time saving method to determine the kinetic constants 
for substrate utilization. nitrification and denitrifica-
tion. 
Taking all the experimental work into account it 
would appear that the model characterized by the 
differential equations (18H33) and (46) gives a good 
description of all the nitrification-denitrification sys-
tems with the proviso that the numerical values of 
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some of the kinetic constants are affected by the 
characteristics of the influent sewage. The constants 
that seem to be most sensitive to changes in influent 
sewage characteristics are the maximum specific 
growth rate of the nitrifiers (reflected in the maximum 
nitrification rate) and to a lesser extent the maximum 
specific utilization rate constant for slowly bio-
degradable material (reflected in the utilization rate of 
dissolved oxygen and the denitrification rate). Also it 
was found that the fraction of easily biodegradable 
material in sewage is subjected to considerable vari-
ations. This implies that the numerical values of the 
empirical denitrification rate "constants" Kb K 2 , K 3 
and :x also depend on the sewage characteristics and 
that accurate values for a particular waste flow can 
only be determined by experiment, most conveniently 
by utilizing the single reactor constant flow and load-
sequential aerobic/anoxic procedure outlined above. 
In such an investigation it is preferable to use fresh 
sewage every day rather than to store a batch and to 
feed it over a longer period. In the latter case the 
possibility of an atypical response of the system due 
to a coincidental singularity in the characteristics of 
the influent is greater. 
CONCLUSIONS 
(i) The bi-substrate active-site death-regeneration 
model developed by Dold et al. ( 1980) to describe the 
W.R. 15 )Q .. ·-R 
aerobic activated sludge system, can be extended to 
provide a reliable description of the kinetics of the 
nitrification-<lenitrification single sludge process 
under both constant and daily cyclic conditions of 
flow and load. 
(ii) The extension requires no change in the basic 
equations describing the aerobic process, only a 
change in the value of one of the constants in the 
expression defining the substrate utilization rate for 
slowly biodegradable particulate material when an 
anoxic environment is required. Nitrification is affec-
ted only in so far that growth of the nitrifiers takes 
place only in an aerobic environment but death in 
both aerobic and anoxic environments. 
(iii) Under constant load and flow conditions the 
denitrification kinetics can be adequately described by 
the empirical equation .1N, = KX0 : Depending on 
the position of the denitrification reactor in the 
process configuration K has different values. These 
K values have no fundamental kinetic significance; 
they are only apparent constants, the result of a 
combination of kinetic reactions which fortuitously 
show little variation under normal operational con-
ditions. 
(iv) The fundamental kinetic constants in the ex-
pressions for substrate utilization and nitrification are 
affected by the wastewater characteristics. The varia-
bility of the constants :or nitrification is greater than 
that for substrate utilization. 
1152 A. c. VAN HAANDEL et al. 
(v) A single reactor system operated under sequen-
tial anoxic and aerobic periods constitutes a con-
venient experimental set up for the determination of 
the values of the kinetic constants of nitrification and 
substrate utilization and of denitrification in the 
anoxic phases. 
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OPTIMIZATION OF NITROGEN 
REMOVAL IN THE SINGLE SLUDGE 
.ACTIVATED SLUDGE PROCESS 
A. C. van Haandel, P. L. Dold and G. v. R. Marais 
Water Resources and Public Health Engineering, University of Cape 
Town, Rondebosch, 7700 Cape, South Africa 
Abstract 
Optimal design of nitrification-denitrification (N-D) systems reduces 
to obtaining maximum denitrification subject to the constraint of 
efficient nitrification. Under constant flow and.load conditions 
simple approximate highly accurate formulae are developed to describ·e. 
the N-D system. Selection of the N-D configuration is found to be 
crucially influenced by-the TKN/COD (influent) ratio, µnm• maximum ~nd 
minimum temperature and sludge age. In terms of these tactors des1gn 
charts are pr~sented which rapidly allow the best configuration and 
sizes of the anoxic and aerobic reactors to be selected. 
INTRODUCTION 
In 1981, van Haandel, Ekama and Marais extended the general aerobic nitrification 
model of the activated sludge process, developed by Dold, Ekama and Marais (1980), 
to include denitrification in the single sludge process. The model was shown to 
give a very good account of the experimental response observed over a wide range. 
of reactor configurations (single and series reactor systems including unaerated 
reactors), influent flow and load conditions (constant and daily cyclic flow and 
load), and process parameters (sludge age 2 to 25 days; temperature 12 to 22°C; 
recycle ratios 1 to 7), and, alternating aerobic and unaerated phases in a single 
reactor system. For design purposes a difficulty with the model is that it re-
quires the system configuration, load conditions and process parameters to be de-
fined, whereupon the process response can be simulated - it does not give informa-
tion on the design of the system for optimum nitrogen removal, except by repeated 
trial selection of configuration and some process parameters. In this paper an 
"optimization" procedure will be presented which allows rational selection of the 
process configuration and operational parameters to achieve maximum removal of 
nitrogen in a single sludge N-D system, within the constraints set on the system. 
BASIC CONSIDERATIONS 
A framework for optimal design cannot be established by considering the problem in 
its generality - simplified conditions of flow and load~ in this case constant flow 
and load, must be assumed. The response of the design thus obtained, under the 
expected daily eye 1 i c fl ow and 1 oad conditions, then, al ways can be checked by s imu-
1 a ti on using the general model and, by trial, adjustments attempted to achieve 
improved rer.1ovals. However, from experience, optimal designs based on constant 
flow and load usually seem to be so near the optimum for cyclic conditions that 
there is little, if anything, to be gained in attempting to improve on the "optimal" 
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solution, particularly when taking into account the uncertainties always present in 
(1) the expected flow and load patterns; (2) the expected values of some of the 
kinetic constants, particularly that for nitrification; and (3) some of the sewage 
characteristics, particularly the fraction of readily biodegradable COD. The sim-
ple:;t approach in developing the optimization procedure is first to formulate the 
denitrification and nitrification behaviour separately, and thereafter, to inte-
grate the two effects subject to the following provisos: (1) a high efficiency of 
nitrification must be assured at all times, and (2) removal of nitrate generated in 
the system must be complete or at a maximum. 
DENITRIFICATION MODEL 
The model for denitrification, on which the optimization procedure will be based, 
is an approximation derived from the observed and simulated behaviour of N-D pro-
cesses under eonr~tant fLo;,1 and load eonditfona (van Haandel et al, 1981 ): In a 
single, sludge N-D process consisting of a series of reactors with a plug flow . 
anoxic* reactor preceding a completely mixed aerobic reactor (pre-denitrification 
or pre-D reactor) and another plug flow reactor subsequent to the aerobic reactor 
(post-denitrification or post-D reactor) (see Fig. 1), the denitrification behaviour 
can be accurately described by a set of linear expressions derived as follows: From 
observation, verified by simulation using the general model (see Fig. 2), the de-
nitrification behaviour in the pre-D reactor can be described by two virtually 
linear nitrate-time relationships. The first is due to the rapid utilization of 
the readily biodegradable COD in the influent, Sb i; the second to the less rapid 
utilization of slowly biodegradable particulate COD derived both from the influent 
and from death and lysis of the active organism mass. In the post-D reactor only 
one linear relationship is present, also due to the utilization of slowly biodegrad-
able particulate COD principally from death and lysis. 
The rates in.each of the three phases can be expressed, to very good approximation, 
by the relationship dN/dt = KXa. The rate constants, K, remain virtually unchanged 
in the range of sludge ages from 10 to 25 days, are independent of nitrate concen-
tration, dependent only on temperature. Van Haandel et al (1981) showed that the 
K "constants" are not basic kinetic ones; rather, they are the result of complex 
interactions of the various kinetic reactions that govern the process, and it is 
only fortuitous that the K values remain relatively constant in the range of sludge 
ages given above. Two further observations of great utility are: 
(1) The phase in the pre-D reactor, due to Sb~i· terminates after a few minutes, 
(when this COD fraction has been utilized); the extent of denitrification 
achieved is directly proportional to the mass of readily biodegradable COD 
utilized. Usually the time this reaction persists is of little interest as 
the retention time in the plug flow reactor normally exceeds the time for this 
phase to be completed. 
(2) Sludge production in an anoxic-aerobic system is not distinguishably different 
from that in a completely aerobic system and the fractions, active, endogenous 
and inert can be calculated by the formulations of Marais and Ekama (1976) [see 
Appendix]. The active mass concentration, Xa, in the system is formulated as: 
xa = sbiYhRs/[(l+bhTRs)Rh] = sbicr/Rh (l) 
where Cr = YhRs/(l+bhTRs) (2) 
The equations for denitrification in the pre- and post-denitrification reactors can 
now be set out in greater detail: 
Pre-denitrification reactor: In this reactor denitrification is characterized· by 
two linear reactions: a rapid reaction that persists only for a time R1 1, and a slm~ reaction that persists for the total time in the reactor, Ral. T~e removal 
is given by the difference between the reactor influent and effluent nitrate 
*Anoxic is defined as an environment in which oxygen is absent but nitrate is present. 
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Fig. 2. Comparison of experimentally observed and theoreti-
cally predicted nitrate concentration-retention time 
profiles in the pre- and post-denitrification reactors. 
concentrations, 6Na1, i.e. 
6Nal = Kl XaR~l+ K2XaRal (3) 
Taking account of the recycles to the pre-denitrification reactor, as shown in 
Fig. l, the flow rate through the reactor is Q(l+a+s), where Q is the average in-
fluent flow rate to the plant, i.e. the flow passes (l+a+s) times through the 
reactor and the system removal, 6Nls' is given by 
L\Nls = K 1 XaR~ 1 (l+a+s) + K2XaRal (l+a+s) (4) 
The nominal retention time, R, is defined by V(reactor)/Q and is related to actual 
retention time, Ra, as follows: 
R = Ra(l+a+s) (5) 
and Eq.(4) reduces to 
6Nls = KlXaRl + K2XaRl (6) 
Usually Ri < R1, in which event the first reaction is complete;· its extent of de-
nitrification is proportional to Sbsi, i.e. a'Sbsi. For convenience, van Haandel 
et al (1931) formulated a'Sbsi in terms of the total biodegradable COD in the in-
fluent, Sbi• as follows: Sb .=fb Sb.,hence a'Sb .=a'fb Sb.=a.Sb" Eq.(6) reduces to 
Sl S 1 Sl S 1 1' 
t..Nl s = a.Sbi + K2XaRl ( 7) 
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Substituting for Xa from Eq. (1), noting that R1/Rh equals the anoxic sludge mass 
fraction, fx1: 
llNls = (a + K2Crf xl )Sbi (8) 
where fxl = (mass of sludge in pre-D reactor)/(mass· of sludge in system). 
Post-denitrification reactor: In this reactor denitrification is characterised by 
a single linear rate. The system removal, llN 3s' is given by 
6N3s = K3XaR3 = K3Crfx3sbi (9) 
where fx3 = (mass of sludge in post-D reactor)/(mass of sludge in system). 
System reduction for a process having both pre- and post-denitrification reactors 
is found by adding Eqs. (8 and 9): 
llNs = aSbi + K2XaRl + K3XaR3 (10) 
Three notes of importance are: 
(l) The equations above are valid only if nitrate is present throughout the plug 
flow reactor, in the same fashion that the equation for the rate of oxygen 
utilization in the aerobic process is valid only if oxygen is present. 
(2) The equations are valid also for completely mixed anoxic reactors; experiments 
and simulations using the general model, with similar sized plug flow or com-
pletely mi.xed anoxic reactors, under constant flow and load conditions, give 
virtually identical nitrate reductions._ 
(3) In practice the small mass flow of dissolved oxygen introduced to an anoxic 
reactor via the a- ands- recycles will cause a slight reduction ir'l liMs because 
oxygen is utilized preferentially by the organism mass. However, the effect 
is marginal, if the oxygen level is< 2mg/£ and (a+ s) ~ 5; weighed against the 
uncertainties inherent in the input and other data plus the added complexity it 
brinas into the nr'lalysis, inclusion of dissolved oxygen in the anulysis has 
little merit. 
Van Haandel et al (1981) showed that the magnitudes of the constants K1~ K2, K3 and 
a a re dependent on the sewage cha racteri s ti cs and preferably should be determined 
experimentally. However, the :<-constants differ little from one municipal waste 
flow to another and for all intents and purposes can be accepted as constant. The 
a value shows greater differences; in municipal 1~aste flows a appears to be depend-
ent, in part, on the industrial component but t~e causes for differences observed 
are not explicitly apparent. Average values of the constants, together with the 
temperature dependencies of the rate constants, for municipal waste flows as .found 
by Marais and co-workers, are listed in Table 1. 
Denitrification Potential: The denitrification potential of an anoxic reactor, Dp, 
is defined as the system nitrate re111oval that takes µlace in that reactor providea 
"it.rate 1'.s ali,iay.s p1•e:;ent. For a pre-denitrification reactor: 
TABLE l Denitrification Constants (T = temperature in deg C) 
Constant Value Uni ts 
Kl 0,03 . (l,20)T-20 (T WC) -1 -1 mg N.mg Xa .h 
Kz 0,0042(1,08)T-ZO (T>l4°C) 
mg N.mg x-l .h-l 
0,0032(1,03)T-ZO (T<l4°C) a 
K3 0,0032(l,03)T-ZO (10°C<T<25°C) -1 -1 mg N.mg Xa .h 
(l 0,028 mg N. mg COD- 1 
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Dpl = 6Nls = aSbi + K2XaRl = (a+ K2Crfxl)Sbi (11) 
For a post-denitrification reactor: 
Dp3 6N3s = K3XaR3 = K3Crfx3sbi (12) 
For a series system including both pre- and post-denitrification reactors: 
DP = Dpl + Dp3 = (a + K2Crfxl + K3Crfx3)Sbi (13) 
The concept of a denitrification potential constitutes a powerful tool in develop-
ing procedures to obtain optimal nitrification-denitrification systems. 
NITRIFICATION UNDER ANOXIC-AEROBIC CONDITIONS 
Anoxic and Aerobic Sludge Mass Fractions 
The general theory for nitrification in anoxic-aerobic systems developed by Van 
Haandel et al (1981) is founded on three assumptions: 
(1) Nitrifiers grow only under aerobic conditions. The rate limiting step in their 
growth can be expressed in terms of Monad's equations. 
(2) Death of nitrifiers occurs under both anoxic and aerobic conditions. at the 
same rate. 
(3) The nitrification rate constants are not affected by the presence of anoxic 
zones in the system. 
Under constant flow and load conditions, the nitrification behaviour in series re-
actor systems can be described accurately by simple approximate expressions if two 
assumptions are made: 
(l) There is a uniform concentration of nitrifiers throughout the reactor system. 
Although death of nitrifiers occurs in all zones, growth occurs only in aerobic 
zones. resulting in small differences in the organism concentration from 
reactor to reactor. From simulations using the general model, these 
differences are so small that they may be neglected. 
(2) The effluent ammonia concentration is equal to the ammonia concentration in the 
aerobic reactor. This is true only in pre-D systems where the aerobic reactor 
is the. last in a series. In systems with a post-D reactor such as the \Juhrmatin 
or Bardenpho configurations (Fig. 3) there is a net increase in the ammonia con-
centration in the post-D reactor because ammonification of TKN from lysed 
material exceeds de-ammonification through re-synthesis of heterotrophs. How-
ever, both simulations and experimental results (Arkley and Marais, 1981) 
indicate that this increase is negligibly small. -
An expression for the effluent ammonia concentration, Na• from a series reactor 
system with pre- and/or post-D is derived from a mass balance on the nitrifying 
sludge mass, MXn· Under steady state conditions the mass of nitrifiers is constant, 
i.e. 
(dMX /dt)=O={dMX /dt) + (dMX /dt)d + {dMX /dt) (14) n n g n n w 
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Fig. 3. Process configurations for biological denitrification. 
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(l) Growth: Occurs only in the aerobic reactor and can be expressed in terms of 
the Monod equation 
(dMXn/dt)g= V(l-fx) (dXn/dt)g = V(l-fx)Xn µnmT.Na/(Na+KnT) (15) 
(2) Death: Takes place in both aerobic and anoxic zones 
(dMXn/dt)d = V(dXn/dt)d = -VbnT Xn ( 16) 
(3) Sludge Wastage: l~ith hydraulic control of sludge age, 
a reactor is defined by q = V/Rs, where V is the total 
the waste flow, q, from 
volume of the system 
(dMXn/dt)w = -qXn = -VXn/Rs 
Substituting, and solving for effluent ammonia concentration, Na: 
Na = KnT{bnT + l/Rs)/[(l-fx)µnmT - (bnT + l/Rs)] 
For completely aerobic systems (fx = 0), Eq. (18) reduces to an expression very 
similar to that of Downing, Painter and Knowles (1964) for a single completely 




Comparing Eqs. (18 and 19), the inclusion of unaerated reactors is equivalent to 
reducing the true maximum specific growth rate of nitrifiers, µnmT• by a factor fx 
(the anoxic mass fraction) to give an apparent rate, µ~mT 
µ~mT = µnmT(l-fx) . (20) 
Equations (18 and 19) presuppose that nitrification does take place. The minimum 
sludge age, Rsm• for the commencement of nitrification in a single aerobic reactor 
is found when Na equals the ammonia concentration available for nitrification in 
the influent, Nai; ·then from Eq. (19), with KnT << Nai' 
Rsm = l/(µnmT-bnT) 
Correspondingly, in anoxic-aerobic systems 
R~m = l/[(l-f x)µnmT - bnT] 
(21) 
(22) 
From Eq. (22) R~m is dependent on both, the kinetic constants µnmT and bnT• and the 
aerobic sludge mass fraction, (l-fx). Conversely for a specified Rs > R• there 
is a minimum aerobic sludge mass fraction, (l-fm), below which no nitrifi~Wtion 
will take. place. From Eq. (22), solving for (l-fx), 
(l-fm) = (bnT + l/Rs)/µnmT (23) 
The aerobic sludge mass fraction must be larger than (l-f m) because a primary 
objective in anoxic aerobic systems is to guarantee efficient nitrification, i.e. 
to ensure a low effluent ammonia concentration, Na· In evaluating the required 
increase in (l-fm) one approach is to specify a desired maximum effluent ammonia 
concentration, Nad• for a fixed Rs > R•m, and then to calculate the minimum allow-
able aerobic sludge mass fraction, (l-fM); from Eq.(18), substituting Nad for Na and 
(l-fM) for (l-fx) · 
(l-fM) = (l + KnT/Nad)(bnT + l/Rs)/µnmT = (l + KnT/Nad)(l-fm). (24) 
From Eq. (24) the minimum aerobic sludge mass fraction, (l-fM), required for nitri-
fication to a desired effluent ammonia concentration, Nad• is greater by a factor 
(l + KnTINad) than the aerobic sludge mass fraction, (l-fm), below which no nitri-
fication can take place. The factor (l + KnTINad) serves the function of a 
"safety factor". This approach has the di sad vantage that the selection of a 
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desired effluent ammonia concentration, Nad• is a subjective one, and small changes 
jn Nad lead to large changes in the safety fa~tor by which (l-fm) must be increased 
Lat l4°C, where KnT = 0,5 mg N.1-l, a change in Nad from l to 2 mg N.1-I results in a 
20 per cent change in (l-fM)]. A more rational approach, which is very simple to 
apply in design, is to specify the Sf which will ensure stable and effirient nitri-
f~cation; from numerou~ simul~t~ons, provided (l-fx) ~ 1,25 (l-f~), nitrification 
will be stable and at high efficiency under both constant and cyclic flow and load 
conditions. Accepting a safety factor, Sf, of say 1,25, the minimum aerobic 
sludge mass fraction, (l-fM), required for efficient and stable nitrification is 
(1-fM) = Sf(l-fm) = Sf(bnT + l/Rs)/µnmT (25) 
The maximum anoxic sludge mass fraction allowing efficient nitrification, fM, is 
found by solving for fM in Eq. (25), 
fM = 1 - Sf(bnT + l/Rs)/µnmT (25a) 
The approach set out above, of using a safety factor, has the disadvantage that.the 
effluent quality is no longer limited to a specific value and will vary slightly, 
·depehding on µ~mT· Ho~1ever an Sf of not less than 1,25 usually will ensure an 
Na < 2 mg N.1- under constant flow and load conditions, except at very low tem-
peratures of less than about l2°C. Equation (25a) imposes no upper limit on the 
maximum anoxic sludge mass fraction, fM. However,experimental observations 
(Arkley and Marais, 1981) indicate that settling properties of the sludge deterior~ 
ate sharply when the anoxic sludge mass fraction increases above 0,50. For this 
reason, a constraint on the upper limit for fM, (fMaxl• of 0,50 is accepted for 
design. 
Figure 4 illustrates the effect on fM of sludge age, µnm and T. (Temperature de-
pendency equations for nitrification are listed in Table 2). In plotting Fig. 4 
values of µnm20 of 0,65 and 0,33 d-1, and temperatures of 20°C and 14°C, have bee~ 
selected as the approximate ranges encountered in South Africa, with Sf= 1,25. 
From Fig. 4 f11 is very sensitive to the value of µn : for a specified Rs and T, as 
µnm increases the aerated sludge mass fraction, (1-~M), required for efficient 
nitrification decreases. The value selected for µnm therefore is of gr~at 
importance. The value of µnm appears to be specific to each waste flow; reliable 
evaluation of µnm can be found by experiment only. For municipal waste flows a 
rough guide appears to be that µnm decreases as the industrial component increases; 
different munic~pal.waste flows giving o,21ct-l ( µnm20 ( 0,65d-l'have been en-
countered. This wide range of expected values makes that unless a verv 
Fi q. 4. 
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TABLE 2 Temperature Dependency Equations for Nitrification 
µnmT = µnm20 (l,123)T-20 
bnT = 0,04 (l,029)T-20 
KnT = 1,0 (l,123)T-20 
( -1) . . conservative design is acceptable µnm20 = 0,2 to 0,3d , it is necessary to ex-
perimentally determine µnm for a particular flow. 
The design procedure for nitrification in anoxic-aerobic systems requires, inter 
alia, calculation of the maximum allowable anoxic sludge mass fraction (fM) based 
on: (l) a selected safety factor, Sf; (2) the system Rs; (3) the minimum Tin 
the plant, Tmin• and (4) µnm at that temperature. If the procedure to determine 
fM is followed for the lowest T, then efficient nitrification at any T > Tmin 
always will be guaranteed. 
Nitrification capacity: Marais and Ekama (1976) showed that only a fraction of the 
influent TKN, Nti• is available for nitrification: a concentration is incorporated 
in the sludge mass, Ns, and there is a residual organic nitrogen concentration in 
the effluent, N0 , i.e. the ammonia concentration available for nitrification is 
Np = Nti - Ns - N0 (26) 
Expressions for Ns and N
0 
have been developed by Marais and Ekama (l.976): 
N = f [Yh(l+fbhTX R )(1-f -Pf )/(l+bhTR )+f ]St. s n a s us up s up i (27) 
(28) 
The nitrification capacity is defined as the concentration of influent TKN in an 
anoxic-aerobic system that is converted to nitrate. Taking into account the efflu-
ent ammonia concentration, Na, but disregarding the concentration of nitrite, the , 
nitrification capacity is given by the difference between the ammonia conren1ration 
available for nitrification (Np) and Na· 
N = N -N = N .-N -N -N c . p a t1 s o a (29) 
From Eqs. (18 and 29) it is clear that Ne is dependent, inter alia, on the. anoxic 
sludge mass fraction. It has been noted that efficient nitrification ts a necess-
ary requirement in design of anoxic-aerobic systems. In addition, an objective is 
to remove all the nitrate by denitrification, or, where this is not possible, to 
remove the maximum amount without impairing the efficiency of nitrification. 
Therefore, in the analysis of nitrification and denitrification, it is necessary to 
evaluate Ne subject to the condition that, at any sludge age, denitrificaticn is at 
its allowable maximum, i.e. the anoxic sludge mass fraction is fM. For a specified 
sludge age Rs > Rs~· fM is determined from Eq. (25a): the corresponding nitrifica-
tion capacity, (NcJfM is determined from Eqs. (18,27,28 and 29). In Fig. 5 (Nc)fM 
is plotted as a function of Rs for a series of influent TKN/COD ratios with St; = 
500 mg COD.i-1 at 14°C and Sf= 1,25 (i.e. Nad ~ 2 mg N.i-1). The maximum anoxic 
sludge mass fraction (fM) for the assumed value of µnml4 = 0,18d-l is also shown in 
the Figure. [The following sewage characteristics were accepted: fus = 0,10 mg COD. 
mq COD-1; fup = 0,09 mg VSS.mg COD-1]. In the Figure the effluent organic nitro-
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The ob.iective in optimization of N_-D si11gle sludqe s_vstems is to minimize the total 
soluble effluent nitrogen concentration, subject to the constraints of (l) efficient 
nitrification, and (2) fMax ~ 0,50. In design additional constraints usually will. 
be imposed on operational parameters: for·example, the sludqe aqe and the recycle 
ratios cannot be increased at will; long sludge ages result in large plant volumes 
per unit COD treated and high recycle ratios may introduce sufficient oxygen in the 
anoxi c zones to nullify deriitrifi ca ti on. ·· 
The concentration of nitrate generated in the aerobic zone of a process is directly 
related to the influent TKN, Nti• whereas the nitrate removal in the anoxic zone of 
a process is, amongst others, proportional to the influent COD concentration, Sti· 
Consequently, .the influent TKN/COD ratio forms a measure of the mass of nitrate 
that can be removed by denitrification. These characteristics establish the 
imp'ortance of the parameter Nti/Sti in the design of optimal nitrification-
denitrification systems. 
Basis for Design 
To satisfy the prerequisite for efficient nitrification fM must be determined for a 
selected Rs and µnm from Eq. (25a), using an Sf of, say 1,25. As the system must 
operate over a range of T the critical T for the determination of fM is always the 
minimurn expected, for, at the lowest temperature, µnm will attain its lowest value 
and hence fM will attain the lowest limiting value still ensuring efficient nitrifi-
cation. Once fM has been determined this anoxic sludge mass fraction must be sub-
divided into pre- and post-D fractions, fxl and fx3 respectively, with f~1 + fx3 = 
fM. The division is made by means of Eqs. (31 and 33) (developed later); what is 
important is that the division is based on the maximum expected T for the reason 
that, as T decreases K2 and K3 approach each other in value, until at l4°C and below 
the two values coincide - at l4°C and below the division into pre- and post-D sludge 
mass fractions, in fact, becomes immaterial, i.e. any division can be made orovided 
that fxl > f min· At Tmax• however, the division must be specific to Tmax to attain 
the maximum removal of nitrate at Tmax· At intermediate T, for the selected divi-
sion, (1) the removal will decrease from the maximum at Tmax to the minimum at Tmin• 
and (2) the removal will be maximized because K2 exceeds K3. 
Subdivision of fM into fx1 and fx3 is governed by the following: 
(1) To utilize fully the denitrifi~ation potential, Dp, of a reactor, the nitrate 
introduced to the reactor must be equal to Dp. 
452 A.C. VAN HAANDEL, P.L. DOLD and G.V.R. MARAIS 
(2) Per unit volume the DP. of a pre-denitrification reactor always exceeds that of 
the post-denitrification reactor. 
(3) Except under infinitely large recycles, to obtain complete nitrate removal it 
is necessary that the system includes both pre- and post-D reactors. 
(4) The recycle ratios cannot be increased at will; there is an uppe~ limit, set 
by the cost of providing the recycles, or, by the mass of oxygen introduced to 
anoxic reactors via the recycles. 
(5) To maintain reasonable mixed liquor settling properties fM must not exceed 0,50 
even if Eq. (25a) indicates a larger fraction. 
To explain the behaviour of the system we will approach it in reverse to the problem 
that must be solved in practice. Instead of, as is usual, specifying the influent 
TKN/COD ratio and determining the required sludge age and anoxic sludge mass frac-
tion, f , we will assume a specified Rs and a specified fx (with the proviso that . 
fx < fMf and then determine the maximum TKN/COD ratio which the system can comple~e­
ly denitrify. We will also assume that the total recycle (a+s) can be made as high · 
as required. Once fx is fixed the DQ for the system will.d:p:nd on the.subdi~i~ion. 
of fx into fx1 and fx3 [Eq. (13)]. For any selected subdivision there is a limit 
to the influent TKN/COD ratio that this division can completely denitrify, given by 
Eq. {34) (to be developed). If the influent TKN/COD ratio to be treated is higher 
that this TKN/COD limit then the nitrate present in the effluent can be reduced by 
increasing fxl and decreasing fx3 (keeping fx1+fx3=fx) and calculating a new set of 
recycles, or, expressed in a different way: the allowable TKN/COD ratio for com-
plete denitrification can be increased always by increasing fxl at the expense of 
fx3• provided the recycles can have any value required, until, when fx1=fx (i.e. a 
Modified Ludzack-Ettinger (MLE) system), the upper limit to the TKN/COD that can be 
completely denitrified is attained. In this case (a+s) will be founq to be infin-
ite. If yet higher influent TKN/COD ratios must be treated, this is possible only 
by increasing fx until fx equals fM, when the absolute limiting TKN/COD ratio that 
can be completely denitrified is attained. Hence, providing that (a+s) can be in-
creased ad infinitum, the maximum TKN/COD ratio the system can denitrify completely 
is when fxl = fx = fM. 
If an upper limit is set to (a+s) then the same procedure as described·above can be 
followed with the proviso that the solution terminates when (a+s) attains the limit-
ing ratio. Taking the situation where fx = fM, it will be found that the maximum 
influent TKN/COD ratio that can be accommodated to give zero nitrate in the effluent 
will be less than that if (a+s) can increase to infinity: also, fx3 will now not 
equal zero, and fxl and fx3 will both have positive values. If fxl is now increa-
sed at the expense of f x3, keeping ( a+s) = maximum, then a higher influent TKN/COD 
ratio is required to load the pre-D reactor to its Dp, and although the system nit-
rate removal is increased, nitrate wi 11 be present in the effluent. When fxl = f 
= fi~ (i.e. an MLE configuration) the TKN/COD ratio for maximum nitrate removal wil~ 
be attained but the nitrate in the effluent also will have increased. For yet 
higher TKN/COD ratios the effluent nitrate concentration will increase by an amount 
equal to the additional TKN because the pre-D reactor is loaded to higher than its 
Dp and no additional nitrate is removed. 
To express the above in a quantitative manner it is preferable to develop the theory 
for the Bardenpho and MLE configurations separately. 
Bardenpho Configuration - Complete Nitrate Removal 
The Bardenpho configuration includes both pre- and post-D reactors (Fig. 3); when 
designed such that the effluent nitrate concentration is zero; dehitrification is 
said to be complete. With a- ands-recycles, a fraction, a/(a+s+l), of the con-
centration of nitrate present in the aerobic reactor is recycled to the pre-D react-
or and the remaining fraction, (s+l)/(a+s+l), is discharged to the post-D reactor. 
For complete denitrification the amount of nitrate available for denitrification in 
each of the anoxic reactors (Navl and Nav3) must equal the Dp of these reactors, 
respectively: 
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(1) In the pre-denitrification reactor: 
Opl = Navl' and 
(a+ K2Crfx1)sbi = Nc a/{a+s+1) 
i.e. fxl = [(Nc/Sbi)a/(a+s+l)-a]/(K2Cr) 
(2) In the post-denitrification reactor: 
DP3 = Nav3, and 






The maximum ratio of Nc/Sbi for which complete denitrification is possible, 
(Nc/Sbi) 0 , is found by combining Eqs. (31 and 33), noting that fx1 + fx3 = fM: 
a + K2CrfM 
(Nc/5bi)o =a/(a_+s+l) + (K2JK3)(s+l)/(a+s+l) 
( 34 >* 
In Eq. (34), Cr and fM are both functions of Rs [see Eqs. (2 and 25a)]; consequent-
ly the basic parameter against which (N-c/Sbi)o should be evaluated is Rs, taking due 
cognizance of the effect of the recycle ratios, 'a' and 's'. Equation (34) cannot 
be applied without restriction: in Eq. (34) it is implicitly assumed that Sbsi is 
utilized completely in the pre-D reactor; this imposes a constraint on (1) the 
minimum allowable pre-D sludge mass fraction, fxl, and (2) the minimum allowable a-. 
recycle. Also, in design, constraints will be imposed on (3) fM i.e. fM ~ fMax• 
and (4) the maximum allowable a- and s-recycle ratios. Consequences of these con-
straints are: 
(1) Minimum allowable fx1: 'The pre-0 sludge mass fraction, fxl• must be sufficient-
ly large to ensure complete utilization of Sbsi in the pre-D reactor. From 
Eqs. (6 and 7) the minimum pre-0 sludge mass fraction, fmin• required for com-
plete utilization of Sbsi is: 
fmin = a/(K1Cr) (35) 
Van Haandel and Marais (1981) determined the minimum sludge age, RB, for which 
Eq. (34) is valid, i.e. the sludge age above which fxl is greater than fmin in 
the Bardenpho process with complete denitrification: 
1 + A Sf/µ T 
R = nm ( 36) 
B A(l-SfbnT/µnmT) - bhT 
where A= a YhK1/[a(s+l)(l+(K1+K2);K3)J 
(2) Minimum allowable a-recycle: A further requirement for complete utilization of 
Sbsi imposes a constraint on the minimum allowable a-recycle ratio: a minimum 
*It is convenient to relate the ratio (Ne/Sb;) to the influent TKN/COD ratio, 
(Nt;ISt;). From Eq. (29) 
Nc/Sbi = (Nti-Ns-No-Na)/[(l-f us-Pfup)Sti] 
= Nti/[St;(l-fus-Pfup)] - (Ns+N0+Na)/[St;(l-fus-Pfup)] 
In a particular design the value of (Ns+N0 +Na)/[St;(l-fus-PfvplJ, will be known:for 
raw sewage the value is approximately 0,03 mg N.mg COO-I, which gives the approxi-
mation: (Nt./St.) = (N /Sb.)(1-f -Pf ) + 0,03 (37) 
i i c i us up 
* 
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a-recycle, amin• is required such that the mass of nitrate available in the pre-
D reactor, Navl. is sufficient to remove Sbsi• i.e. 
N a . /(a . +s+l) = asb.(K1+K2);K1 (38) c mm mm 1 
or amin = a(s+l)/[(NJSbi)o K1/(K1+K2) -a] (39) 
Equation (39) is an implicit relationship in amin: amin• for a specified Rs and 
T, can be found by trial using Eqs. (34 and 39). For the range of Rs 15 to 30 
days, as T increases from l4°C to 20°C, amin decreases from approximately 2 to 
l. Consequently, providing the a-recycle ratio is at least 2, this considera-
tion will not come into effect. 
(3) Maximum allowable fM,~fMax: (Nc/Sbilo increases with increasing Rs because 
Cr and the associated fM .both increase with Rs [Eqs. (2 and 25a), respectively]. 
Whereas the change in Cr is relatively small for Rs > 10 days, the change in fM 
is more marked (see Fig. 4). However, the increase in fM is limited to fMax• 
due to the need to preserve good settling characteristics, i.e. fM ~ fMax = 0,50 
(as discussed earlier). The sludge age, Rs 0 , at which fM attains the limiting 
value, fMax. is found from Eq. (25a), with fM = fMax: 
(40) 
For Rs > Rso• fM = fMax and the increase in (Nc/Sbilo with increasing Rs is due 
only to the increase in Cr which is virtually inconsequential; see Fig. 6. 
(4) Maximum allowable recxcles: For a s~ecified Rs the ratio for which complete de-
nitrification is possible, (Nc/Sbilo, increases with increasings- and a-recycle 
ratios. Hence, to accommodate a high influent (Nc/Sbi) ratio (a+s) should be 
as large as possible. Usually the underflow recycle ratio (s) will be fixed 
by the requirements for effective functioning of the secondary settler; norm-
ally s.~ l. With regard to the a-recycle, theoretically it can have any value 
up to infinity, but as it increases the concomitant increase in (Nc/Sbilo de-
clines rapidly for a > 4; this feature is discussed later~ 
The effects of sludge age and the magnitude of the a-recycle on the Nc/Sbi ratio for 
which complete denitrification is possible, and on fxl• is illustrated in the design 
chart shown in Fig. 6: (Nc/Sbi)o is plotted as a function of Rs for different a-
recycle ratios (a= 2,4,6,8) and a fixed s-recycle ratio of l. Figure 6 is develo-








Step 8 : 
Specify the expected minimum and maximum sewage temperatures (Tmin = l4°C 
and Tmax = 20°C here); the underflow recycle ratio (s=l, here), and µnm· 
at the minimum temperature. 
Determine Rso (where fM = fMax = 0,50) from Eq. (40) for Tmin using a safe-
ty factor, Sf, of l,25 (µnml4 = 0,18 d-1, here). 
Select an a-recycle. 
Determine Rs from Eq. ( 36) for T min. 
For values of Rs in the range Rs to Rs 0 ; repeat Steps 6 to 8. 
Determine fM from Eq. (25a) for Tmin using Sf = 1,25. 
Determine (Nc/Sbi)o from Eq. (34) for Tmin and Tmax using only the value 
of fM from Step 6. [Cr is given by Eq. (2)]. 
Determine fxl from Eq. (31) for Tmax using (Nc/Sbilo for Tmax from Step 7. 
[Cr is given by Eq. (2)]. 
For values of Rs greater than Rso repeat Steps 6 to 8 with the exception 
that fM = fMax· 
From Eq. (34) it is apparent that at 14°C, when K2 equals K3, (Nc/Sbilo is not 
dependent on the a-recycle providing that a> aminl4; the maximwn a-r>ecycle should 
ther>efor>e be selected for> the maximum tempel'atur>e. 
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From Fig. 6 it is apparent that there is little merit in increasing the a-recycle 
above 4 to 6 as the increase in (Nc/Sb;) 0 is then marginal; in fact, an increase 
may reduce the denitrification capacity of the pre-denitrification reactor through 
excessive introduction of dissolved oxygen. 
Bardenpho Configuration· - Incomplete Nitrate Removal 
For a specified sludge age, Rs, and a maximum allowable a-recycle ratio, if the 
value of (Ne/Sb;) for the influent exceeds (Nc/Sb;) 0 then complete denitrification 
is not possible and nitrate appears in both the effluent and the underflow recycle. 
In the pre-0 reactor the nitrate available for denitrification, Navl• is 
Navl =Ne a/(a+l) + s Nne (41) 
The extent of denitrification per unit volume is greater in the pre-0 reactor than 
in the post-D reactor; in order to use this, the denitrification potential of the 
pre-0 reactor, Opl, should be increased by increasing fxl at the expense of fx3• 
until Opl equals the nitrate available, Navl• at the maximum recycle ratios, i.e. 
from Eqs. (ll and 41), 
Opl = (a+ K2C/x1)sbi =Ne a/(a+s+l) + s Nne (42) 
From a mass balance around the post-0 reactor, the effluent nitrate concentration 
is given by 
N = N /(a+s+l) - 0 3;(s+l) (43) ne c p 
Substituting for op3 from Eq. (12), noting that fx3 fM-fxl• Eq. (43) becomes 
Nne = Nc/(a+s+l) - K3Cr(fM-fx 1 )sbi~(s+l) (43a) 
Substituting Eq. (43a) for Nne in Eq. (42) and solving for fx1 gives the pre-0 
sludge mass fraction for optimal nitrate removal: 
[(a+s)/(a+s+l)](N /Sb.) - a - [s/(s+l)] K3CrfM f = c 1 
xl Cr (K2 - [s/(s+l)] K3) 
(44) 
Knowing fxl the nitrate effluent quality can be calculated from Eq. (43a). As-the 
value of (Ne/Sb;) increases, the value of fx1 increases correspondingly until, in 
the limit, fxl = fM, i.e. all of the anoxic sludge mass fraction is located in the 
pre-0 reactor, and the optimal process configuration becomes that for the MLE pro-
cess (Fig. 3). This limiting (Ne/Sb;) ratio, (Nc/Sbi)1, is found by setting fxl 
equal to fM in Eq. (44), i.e. 
(Nc/Sbi)l = (a+ K2CrfM)(a+s+l)/(a+s) (45) 
Modified Ludzack-Ettin er (MLE Confi uration 
The ratio Nc/Sbi l defining the transition between the Bardenpho and the MLE pro-
cess as the process for optimal denitrification is determined by Eq. (45). As was 
the case with (NcfSb;) 0 , Eq. (45) cannot be applied without restriction: to ensure 
complete utilization of Sbsi in the anoxic reactor constraints must be imposed on 
(1) the minimum allowable anoxic sludge mass fraction, fM, and (2) the minimum total 
recycle ratio, (a+s). · 
(1) Minimum allowable fM: For complete utilization of Sbsi in the anoxic reactor 
the fM must, at least, equal the minimum pre-0 sludge mass fraction, fmin· The 
minimum sludge age, RMLE, for which fM equals fmin can be found by equating Eqs. 
(25a and ~5) for fM and fmin. 
(46) 
(2) Minimum allowable total recycle, (a+s): A minimum total recycle, (a+s), is 
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required such that the mass of nitrate available in the pre-D reactor, Navl• is 
sufficient to remove Sbsi• i.e. 
Nc{a+s)/(a+s+l) = Sbi(K1+K2)tK1 (47) 
a (K1+K2)tK1 
or (a+s)min = (Nc/Sbi)l K1/(K1+K2l-a (48) 
For a specified Rs and T, {a+s)min can be found by trial using Eqs. (45 and 48): for 
the range of Rs and T usually encountered (a+s)min is very small, approximately 0,5: 
cons~quently this constraint is of little importance in design. · 
The effects of sludge age and the magnitude of the a-recycle on (Nc/Sbi)l is best 
assessed in a design chart similar to the one for (Nc/Sbi) 0 : in Fig. 7 (N~/Sbi)l 
is plotted as a function of Rs for different a-recycle ratios (a = 2,4,6,8J and a 
fixed s-recycle ratio of 1. A simple step by step procedure again can be followed 
· in developing Fig. 7. 
Steps l and 2 : as before. 
~ : Select an a-recycle. 
Step 4 : Determine RMLE from Eq. (46) for Tmin· 
Step 5 : For values of Rs in the range RMLE to Rso, repeat Steps 6 and 7. 
Step 6 : As before. 
~: Determing (Nb/Sbi)l from Eq. (45) for TmiQ and Tmax using onZy the value of 
fM from Step 6. [Cr is given by Eq. (2)J. · 
For values of Rs greater than Rso repeat Steps 6 and 7 with the exception 
that fM = fMax· 
From Fig. 7 at'any Rs,.as the a-recycle ratio is increased the value of (Nc/Sbill 
decreases, i.e. the influent (Nc/Sbi) ratio for which the MLE process gives optimal 
nitrate removal decreases. Again, as for the Bardenpho process, it is evident that 
there is little advantage in utilizing an a-recycle of greater than 4. 
If, at a selected Rs the (Ne/Sb;) ratio for a waste flow exceeds (Nc/Sbill then it 
is no longer possible to remove all the nitrate available to the MLE anoxic reactor, 
Navl, at the maximum recycle ratios;· in fact the recycles can be reduced until the 
pre-D reactor is loaded to its denitrification potential, Dpl· Navl is given by 
Navl = Nc(a+s)/(a+s+l) (49) 
Equating Eqs. (11 and 4g), the minimum a-recycle required to load the anoxic reactor 
to its denitrification potential, is found by solving for 'a': 
a= (s+l)(a+K2CrfM) -s(Nc/Sbi) 
(Nc/Sbi) - {a+K2CrfM) (50) 
There is however no absolute necessity for reducing the a-recycle ratio. Providing 
it is equal to or greater than the value found from Eq. (50) the effluent nitrate 
quality will not be affected because the nitrate removal will remain constant and' 
equal to Dpl· In fact, on occasion it may be necessary to utilize a higher a-recycle 
to ensure that the actual anoxic retention time is short enough to maintain reason-
able sludge settling characteristics; actual retention times should not greatly ·ex-
ceed one hour to maintain reasonable sludge settling characteristics. 
Selection of Optimal Process Configuration 
At any specified Rs and maximum allowable recyEle ratios there are three ranges of 
influent TKN/COD ratios, (Nti/Sti), defining an optimal process configuration: 
(1) Low (Nti/Stil ratio, such that (Nc/Sbil ~ (Nc/Sbilo: 
Complete denitrification in a GArdenpho configuration is possible. The a- and 
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(Nc/Sbi)l as a function of 
sludge age at 20°C and l4°C. 
Corresponding Nti/Sti ratios are 
shown on the right hand axis. 
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below (Nc/Sb;)0 , the required fx decreases below ff.I and fxl becomes dispropor-tionately smaller with respect to fx3· 
(2) Medium (Nt;/St;) ratio, such that (Nc/Sb;) 0 <(Ne/Sb;) < (Nc/Sb;)1: 
The optimal nitrogen removal system is the Bardenpho configuration (again with 
maximum recycle ratios); however, denitrification is incomplete in the post-D 
reactor and nitrate appears in the effluent. As (Ne/Sb;) increases above 
(Nc/Sb;) 0 , fx = fM, fxl increases disproportionately with respect to fx3 until 
fxl = fM and fx3 = 0, and the effluent nitrate concentration increases. 
(3) High (Nt;/St;) ratio, such that (Ne/Sb;) > (Nc/Sb;)1: 
Denitrification is incomplete: maximum nitrate removal takes place in a sys-
tem without a post-D reactor, i.e. an MLE configuration (fx = fxl = fM)· The 
total maximum allowable recycle ratio, (a+s), overloads the anoxic reactor with 
nitrate, and (a+s) may be decreased until complete denitrification in the pre-D 
reactor just occurs. 
In a particular design situation, the choice of process configuration is facilitated 
by a diagram showing the variation of (Nc/Sbilo and (Nc/Sbi)l with Rs for the selec-
ted a- and s-recycle ratios. The effects of temperature can be assessed by plotting 
both (Nc/Sbilo and (Nc/Sbill for the maximum and minimum anticipated mean sewage 
temperatures. In Fig. 8 plots for (Nc/Sbilo and (Nc/Sbill are shown for a Tmin = 
l4°C and Tmax = 20°C, and for recycle ratios a=4 and s=l; a conservative estimate 
of µnm is used (µnml4 = 0,18 d-1). Figure 8 also shows, on the right hand axis, 
the values of (Nti/St;) obtained from the approximate relationship [Eq. (37)]. 
(The step by step procedures for drawing up the design chart are given earlier). 
CLOSURE 
The analysis above identified the importance in the design of N-D single sludge 
processes of (1) the reference maximum specific growth rate of nitrifiers, µnm20• 
(2) the influent \KN/COD ratio, (3) the minimum and maximum sewage temperatures, 
and (4) the easily biodegradable sewage fraction (to obtain a). All these input 
parameters have a vital effect, in some aspect, on the design and should be deter-
mined or measured in order to obtain an optimal design. Tm·n and Tmax can be read-
ily assessed from full-scale plants in the region and TKN/co6 ratios by direct 
measurement; determination of a and µnm20 wi 11 present the greatest difficulty as 
these can be determined only by process experiment. The procedures to obtain a 
and µnm20 as simply and as rapidly as possible will be presented in a future paper. 
For des.ign with municipal effluents in the absence of any information on a, µnm20 
and the TKN/COD ratio, conservative design (in the sense that nitrification will be 
ensured with as high a nitrate removal as possible) demands a low' µnm20• not great-
er than 0,35 d-1 and a high TKN/COD ratio, not less than 0,10; the value of a can 
be accepted at the value given here i.e. 0,028 mg N.mg COD-1. If the actual µnm20 
is larger and the TKN/COD ratio lower than the estimates the de~ign will be non-
optimal but at least the process will function. It would seem, also, that where 
there is uncertainty about the expected influent TKN/ COD ratio the selected process 
configuration should be the two reactor Modified Ludzack-Ettinger system. 
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APPEND! X 
The biodegradable portion of the influent COD to a process is 
Sbi (l - fus - P.fup) Sti 
where 
fus ~ 0,06 and 0,09 mg COP.mg COD-l for raw and settled sewage, respectively. 
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fup ~ 0,09 and 0,02 mg VSS.mg COD-l for raw and settled sewage, respectively. 
No~e: if garbage grinding and disposal to the sewer is practised fup ~ 0,17. 
The effluent biodegradable COD concentration, Sb, is very small relative to Sbi 
(Sb< 10 mg COD.i-1): the mass of biodegradable COD utilized in the process per 
day is 
M6Sb = Q (Sbi - Sb) ~ Q Sbi 
The mass of active organisms in the process is 
MXa = [YhRs/(l+bhTRs)](M6Sb) where bhT = 0,24(1,029)T-20 
The endogenous organism mass in the process is 
MXe = f bhTRs (MXa) 
The mass of inert material in the process is 
MXi = fup Q Sti Rs 
The total organism mass (MXv = MXa + MXe + MXi) is "diluted" into a volume Vp for 
a selected total volatile solids concentration, Xv. 
VP = MX/Xv 
Hence the active organism concentration, Xa, is 
Xa = MXa/Vp = [YhRs/(l+bhTRs)] Q S /VP 







hydraulic retention time (Vp/Q) 
LIST OF SYMBOLS 
mixed liquor recycle ratio 
general parameter for endogenous respiration rate, d-l. Subscripts 
horn refer· to heterotrophic or nitrifying organisms, respectively 
-1 sludge mass factor, mg VSS.d.mg COD 
denitrification potential, mg N.rl 
unbiodegradable fraction of the active mass, 0,2 mg VSS.mg VSS-l 
ratio readily biodegradable (Sbsil: total biodegradable (Sbil COD 
concentration in influent, mg COD.mg COD-1 
maximum anoxic sludge mass fraction above which no nitrification 
occurs 
maximum allowable total anoxic sludge mass fraction for efficient 
nitrifi ca ti on 
upper limit for anoxic sludge mass fraction 
nitrogen fraction of sludge, 0,10 mg N.mg VSS-l 
particulate unbiodegradable fraction of the influent COD, mg VSS. 
mg coD-1 
soluble unbiodegradable fraction of the influent COD, mg COD.mg COD-1 
anoxic sludge mass fraction 
-1 - l denitrification rate constant, mg N0 3-N.mg VSS .h -1 -1 denitrification rate constant in primary phase, mg N03-N.mg Xa .h 
K * n 
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-1 -1 denitrification rate constant in secondary phase, mg M03-N.mg Xa .h 
denitrification rate constant in post-denitrification reactor, 
mg N03-N.mg x~l.h-1 
Monod half saturation coefficient for nitrification, mg NH 3-N.t-l · 
conversion rate of organic nitrogen to free and saline ammonia, 
o,023(1 ,029)T-20 £.mg vss-1.d-l 
ammonia concentration, mg NH 3-N. -l. Additional subscript i refers to influent value 
nitrification capacity, mg N.£-l 
effluent nitrate concentration, mg N0 3-N.£-l 
organic nitrogen concentration, mg N.£-1 
nitrogen requirement for sludge synthesis, mg N.£-l 
influent TKN concentration, mg N.£-1 
COD:VSS ratio, l ,48 mg COD.mg vss-1 
influent flow rate, £.d-1 
nominal reactor retention time, h or d 
actual retention time, h or d. 
phase of denitrification 
hydraulic retention time, d 
sludge age, d 
underflow (sludge) recycle ratio 
Values marked ' refer to first 
biodegradable influent COD concentration, mg COD.t-l 
readily biodegradable influent COD concentration, mg COD.t-l 
safety factor 
total influent COD concentration, mg COD.t-l 
time 
temperature, °C. Subscripts min and max denote the minimum and 
maximum process temperatures, respectively. 
process volume, t 
X general parameter for sludge concentration, mg VSS. -l. Subscripts 
a, e, i and v refer to active, endogenous, inert and total volatile 
concentrations, respectively. 
Yh heterotrophic organism yield coefficient in terms of substrate as 
COD, 0,45 mg VSS.mg coo-1 
a proportionality constant, mg N.mg COD-l 
t.Na reactor nitrate removal, mg il03-N.£-l 
t.Ns system nitrate removal, mg N03-N.£-l 
µnm* maximum specific growth rate for nitrifiers, d-l 
* Additional subscripts T, 14 or 20 refer to the value at T, 14 or 20°C, 
respectively. 
t Additional subscripts or 3 refer to value in pre- or post-denitrification 
reactor, respectively. 
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Abstract 
The paper briefly reviews the development of the biological excess 
removal of phosphorus in the activated sludge process, from 1959 when 
it was first observed to the present. It concludes by proposing, 
tentatively, a biochemical mechanism whereby excess P uptake and 
release can be explained. 
INTRODUCTION 
From the first publication reporting phosphorus removal in· excess of 
metabolic requirements in some activated sludge plants there has been controversy 
as to the mechanism whereby the excess removal is accomplished, whether the mechan-
ism is a precipitation of inorganic compounds, albeit biologically mediated, or 
biological through metabolic formation and accumulation of phosphorus compounds in 
or on the organisms. This paper will discuss evidence that ·supports the hypothesis 
that excess phosphorus removal normally is via a biological mechanism. This does 
not imply that precipitation of inorganic phosphorus salts, due to chemical changes 
resulting from biological action, e.g. Alkalinity, Acidity and pH, does not take 
place. Such inorganic precipitation certainly can occur, but it would appear that 
in the treatment of municipal waste flows by an appropriately designed activated 
sludge process, within the normal ranges of pH, Alkalinity, Acidity and calcium 
concentrations in the influent, excess P removal is principally via a biological 
mechanism. 
The types of evidence to be presented are of two kinds, direct and indirect. Di-
rect evidence normally is explicit to the objective; whereas indirect evidence is 
inferred from behaviour analysed in terms of some hypothesis. However the fact 
that. a particular hypothesis allows correct prediction of an outcome in a particular 
situation may provide support for the hypothesis, but does not constitute proof of 
it - other hypotheses may lead to the same prediction. Consequently an hypothesis 
gains credibility only by the consistency with which it predicts the outcome 
correctly over a spectrum of situations - much of the evidence favouring biological 
excess P,removal is of the indirect variety. 
T.he presentation is semi-histori~al; this not only provides a record of the evolu-
tion of a concept but also a convenient framework to evaluate the contributions of 
the various investigators. 
CONCEPT EVOLUTION 
Discovery 
According to Levin and Shapir9 (1965), it was Srinath, Sastry and Dilla (1959) 
2 
in India and Alarcon (1961) in America, who independently of each other, first drew 
attention to a phenomenon they observed in the activated sludge process: on 
occasion, removal of phosphorus (P) took place from the bulk liquid in excess of 
that indicated by normal metabolic requirements. These investigators concluded 
that in the plants where they observed excess removal, the magnitude of the removal 
appeared to be linked to the intensity of aeration. Tests on batches of mixed 
liquor indicated that if adequate aeration was provided, significant reductions in 
P, to near zero concentration were observed; however, if aeration was continued 
then with time a slow release of P back to the bulk of the liquid took place. 
Figure 1 shows the P uptake behaviour in a batch sample of mixed liquor under aera-
tion, taken from Srinath et al. and is historic in recording the first evidence of 
biological excess P uptake in the activated sludge process. 
Phosphorus Uptake and Release 
The scientific father of biological excess P removal undoubtedly is Shapiro. In 
1965 he and his pupil Levin reported on an extensive investigation intb P uptake 
and release. As a basis for their investigation they went out from the hypothesis 
that the uptake is biological, mediated by the metabolic pathways normal to aerobic 
organisms, namely the sequence of the Embden-Meyerhof pathway and Krebs cycle, 
parti~ularly the latter because P uptake takes place during aerobic conditions. 
Furthermore, they noted that in the literature it had been reported that some fungi, 
algae and bacteria stored phosphates in granular clusters called volutins; if P 
could be stored in this fashion then the carbon/phosphorus (C/P) ratio riormal to 
microorganisms would not apply and excess uptake would find an acceptable explana-
tion. 
In their experimental investigation Levin and Shapiro (1965) obtained mixed liquor 
from the District of Columbia Sewage Treatment Plant, a "high rate" i.e. short 
sludge age plant. Samples aerated with, and without wastewater addition both 
exhibited P uptake; but the magnitude of the P uptake and its rate of uptake were 
higher for samples with wastewater addition than for ones without, indicating that 
the carbonaceous energy addition promoted uptake. If aeration was prolonged P 
release to the bulk liquid commenced, as previously observed by Alarcon {1961), 
indicating that the stored p was associated with the active fraction of the sludge. 
- endogenous respiration reduces the active mass and the associated stored P will 
be released. In batch tests on two samples, of which one was aerated and the 
other not, the aerated one took up P while the unaerated one released P; this they 
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Fig.l. P uptake behaviour of a batch of mixed liquor from a 
plant showing excess P removal. (Taken from Levin 
ahd Shapiro of data reported by Sririath et al. 1959). 
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hypothesized could be explained by P uptake for ATP formation by oxidative 
phosphorylation in the (aerobic) Krebs cycle with oxygen as electron acceptor. In 
contrast the Embden-Meyerhof pathway, which remains operative under "anoxic" 
(anaerobic)* conditions, with substrate phosphorylation, did not appear to be im-
plicated in the uptake because P was released under anoxic (anaerobic) conditions. 
However Levin and Shapiro offer no comment on the possible causes for the release. 
If the Krebs cycle is implicated in uptake then, they reasoned, (1) the oxygen 
tension in the mixed liquor and (2) poisons that inhibit oxidative phosphorylation 
(during aeration) should effect P uptake and they accordingly investigated these. 
(1) Q~yg~g_!~g~!~g: Batch experiments at different aeration rates indeed showed 
that at low rates the P uptake rate was correspondingly low but as the aeration 
rate increased so uptake rate improved, but at a diminishing tempo to some plateau. 
From this it can be speculated that inaqequate aeration should adversely affect P 
uptake but aeration beyond a certain rate would not lead to improvement in uptake. 
However, high aeration intensity should strip C02 and the consequential rise in pH 
may cause calcium phosphate to precipitate. To check if high aeration rate did 
not perhaps promote precipitation, Levin and Shapiro aerated five batches of mixed 
liquor in which the pH was controlled to remain at 5, 6, 7, 8 and 9, respectively. 
The results from the batches at the higher pH values are of particular interest: 
at pH 7 and 8 the uptake rate was rapid whereas at pH 9 the uptake rate was signi-
ficantly lower. Normally one would expect that if precipitation was due to solid 
calcium phosphate formation, the rate would be higher at pH 9 than at pH 8; observ-
ing the opposite it was concluded that the mechanism was not pre~ipitation.** 
(2) Inhibition: With regard to the effects of poisons or inhibiting substances it 
is w~ll-k~~~-tnat 2,4-dinitrophenol inhibits oxidative phosphorylation~** Levin 
and Shapiro found that on aerating mixed liquor samples with and without dinitro-
phenol, the sample with the phenol showed hardly any uptake whereas the sample 
without the phenol took up all the dissolved P. This indicated that when the Krebs 
cycle is inhibited P uptake does not occur suggesting that the mechanism is 
biological. 
To Levin and Shapiro must be accorded the credit for hypothesizing a biological 
mechanism for P uptake and providing the first experimental data supporting this 
concept. 
The pioneering work of Levin and Shapiro has been verified and extended 
by a number of investigators. Sekikawa, Nishikawa, Okazaki and Kato 
(1966) found that the soluble phosphate in the bulk liquid incr.eased if 
(i) there is a deficiency of "nutrients" (carbon energy) i.e. when the 
sample is aerated for a long period of time without COD a-dition; (ii) 
aeration is withheld i.e. anaerobic conditions are established and (iii) 
a poisonous substance such as K2Cr04 is added to the mixed liquor~*** 
-;'c 
1he terms anoxic and anaerobic have acquired a usage in sanitary engineering that 
differs from that in bacteriology. In sanitary engineering anoxic implies absence 
of oxygen but presence of nitrate; anaerobic implies absence of both oxygen and 
nitrate. In bacteriology the term anoxic is not common and the term anaerobic 
implies absence of oxygen and includes the condition where nitrate is present. In 
this paper the sanitary usage will apply and when quoting from bacteriological 
papers the sanitary terms will be added in brackets after the bacteriological ones. 
** There is evidence of a species of calcium phosphate precipitant with a low solu-
bility product that forms at pH 7 to 8 but its rate of formation is extremely slow 
in the presence of organic material. 
*** . but not reductive phosphorylation. ······ 
**** These findings appear to have been obtained independent of Levin and Shapiro 
~lthough this is not certain. 
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The inhibitory effect of 2,4-dinitrophenol on P uptake has been repeat-
edly duplicated by later workers, for example, Yall, Broughton, Knudsen 
and Sinclair (1970), Fuhs and Chen (1975) and Rensink, Danker and de 
Vries (1981). ,In general, in batch tests taken from the reactor show-
ing release if the phenol is added at 1 to 2 mM/£ and aerated, either 
uptake is inhibited or there may be a release of P during aeration; 
this is dramatically illustrated by the plots in Fig.2 taken from 
Rensink et aZ. 
The conclusion of Levin and Shapiro, that uptake is not physical-
chemical, has been checked by a number of investigators: 
(i) Yall et al. (1970) studied the removal of P by monitoring radio active 
32p and 45ca additions to their experiments. Their conclusions, inter 
alia, were that calcium phosphate precipitation played a minor role in 
the excess P uptake observed in their experiments. 
(ii) Barnard (1976) in an experiment in which the pH in a Bardenpho process 
was raised, found no significant increase in excess P removal* .as would 
be expected if a physical-chemical mechanism was operative. 
(iii) Hoffman and Marais (1977) set up two identical 2-reactor series confi-
guration laboratory scale activated sludge plants, the one operated 
anoxic-aerobic, (i.e. nitrate was present in the anoxic zone), the 
other aerobic-aerobic, and ran batch tests on the mixed liquors from 
these plants: In the batch test on the aerobic-aerobic mixed liquor, 
by raising the pH to 7,3 and then lowering it to 6,0 they found that on 
raising the pH both the c.oncentrations of Ca and P were reduced in the 
~ulk liquid in the approximate molar ratio of [Ca]/[P] = 3 and on 
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Fig.2. Effect of addition of 2,4 dinitrophenol on P uptake on 
aerating a batch that had been anaerobic. (Taken from 
Rensink et al. 1981). 
!n this paper uptake refers to the reduction in P in a batch test or in a reactor 
whereas removal refers to the reduction achieved by a continuous process, between 
the influent and the effluent. In a continuous process it is conceivable that 1n 
different reactors there can be uptake and release without removal being accom-
plished by the process. 
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lowering the pH, Ca and P increased again in the same ratio. They 
concluded that the phenomena probably were precipitation and dissolu-
tion respectively of a calcium phosphate mineral, although the Ca/P 
ratio did not confonn to any of the commonly known calcium phosphate 
minerals. By making mass balances of P across the continuous processes, 
taking due account of P requirements for basic metabolic requirements 
and for precipitation as noted in the batch tests, it was possible to 
account for the P removal in the aerobic-aerobic system but not in the 
anoxic-aerobic system. The latter system always gave the higher P 
removal irrespective of whether the plants were run at pH 7,3 or 6,0 and 
the [Ca]/[P] always was very much less than 3. Furthermore it was 
noted at times that when the pH of a system was lowered suddenly from 
pH 7,3 to 6 the Ca concentration in the effluent temporarily could ex-
ceed that of the influent and concomitantly the P removal temporarily 
was reduced; this behaviour pattern indicated that calcium phosphate 
that had precipitated at the higher pH, dissolved at the lower pH. In 
general however, for this influent (low Alkalinity and Ca = 40 mg/R.) 
calcium phosphate precipitation at pH 7 could account for only about 
1 mg P/R. removed; the major removal was judged to be due to the bio-
logical excess phenomena.* 
(iv) Rensink et al. (1981) clearly demonstrated the complete lack of associa-
tion between Ca and P in plants giving excess P removal attributable to 
the biological mechanism. They operated a 10 in-series reactor activa-
ted sludge plant with the-first 5 reactors not aerated and the underflow 
recycle discharging to the first reactor. The plant was operated at a 
low sludge age of 5,3 days, at 14°C, and no nitrification was observed 
so that the first 5 reactors were anaerobic. Plots of the concentra-
tions of phosphorus, calcium and magnesium in the bulk liquid are shown 
in Fig.3. Evidently the increase and decrease of soluble P was com-
pletely independent of the concentration of Ca so that the behaviour 
cannot be ascribed to dissolution and precipitation of phosphate 
minerals. -
In 1967 Shapiro, and Shapiro, Levin and Zea (1967) focussed attention on the P 
release aspect under anaerobic conditions. They (1) verified the earlier findings 
of Levin and Shapiro (1965) that although there was P uptake during aeration, P was 
again released during "anoxic" (anaerobic) conditions, i.e. uptake and release were 
reversible; (2) found that the release apparently was triggered by a lack of oxygen 
and/or a low redox potential, but, of these two they concluded that release appeared 
to be controlled more by the redox potential than the oxygen tension - Shapiro ob-
served that rapid release appeared to be triggered off once the redox potential fell 
to -150 mV; (3) found that in batch tests the P appeared to be released from the 
acid-soluble fraction of the sludge cells and to a minimal degree from the RNA and 
DNA protein _fractions, in general the total protein was hardly affected; (4) found 
that during anaerobiosis, apart from the observed P release, the BOD of the liquid 
medium hardly changed, soluble TKN also showed no change for the first 40 minutes 
but thereafter increased rapidly, mostly in the NH3 form. The behaviour of these 
three parameters during a batch test is plotted in Fig. 4. 
There are several aspects of the above observations that merit discussion -
* It is of interest here .to note that irrespe·ctive of whether the conditions in the 
"anoxic" reactor are anaerobic or anoxic some excess P removal always will be 
obtained. Generally if the system is aerobic-aerobic the P concentration in the 
active mass is about 3 percent, if anoxic-aerobic about 6 percent and if anaerobic-
aerobic (provided a number of other conditions are satisfied, see later) can range 
from 6 to 35 percent. The concentration of P in endogenous residue and in inert 
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Fig.3. P and Ca behaviour in a 10 series reactor system 
with the first 5 reactors anaerobic to illustrate 
lack of association of P and Ca. (Taken from 
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Fig.4. Changes in soluble BOD, TKN and P in a batch under 





















Fig.5. Phosphorus uptake and release in a batch test under 
alternating aerated and unaerated periods. Sludge 
sample taken from a high rate plant (after Wells,1969). 
(i) g~~~!~i~i!i!Y_2!-~E!~~~~~E~-E~!~~~~: Wells (1969) using batches of 
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mixed liquor from the San Antonio plant (which exhibited P removal) 
verified that if a batch is sequentially aerated during the day and left 
unaerated during the night, phosphorus was taken up during the day and 
released during the night, but, that the uptake decreased progressively 
(Fig.5). If one plots the P uptake each day versus the relative active 
mass for that day, calculated by means of the activated sludge kinetic 
theory of Dold, Ekama and Marais (1981), one has the interesting result 
that the uptake appears to be linearly related to the activ~ mass - a 
behaviour pattern more in keeping with biological mechanism than a 
physical-chemical one, and indicating that the biological uptake is 
limited by the active mass even though the factors controlling the 
magnitude of the uptake are not identified (see Fig.6). 
(ii) g~~2~-E2!~E!i~!-~g~-2~Yg~g: Redox potential as parameter controlling P 
release has a deceptive persuasiveness about it. In samples from long 
sludge age plants, P is not immediately released when dissolved oxygen. 
becomes zero, release may only commence after a considerable time has 
elapsed. In contrast, in samples spiked with influent, release is 
virtually immediate when the dissolved oxygen becomes zero. Consequent-
ly, the reasoning is that it is not the dissolved oxygen per se but the 
redox potential that needs to be depressed to a sufficiently low value 
before P is released even though the mechanism of release is not des-
cribed. Barnard (197Sa) and Siebritz, Ekama and Marais (1980) followed 
Shapiro et al. in accepting this explanation for P release. ·In order 
to test this hypothesis, one problem is that reliable measurement of 
redox potential in biological systems is difficult; as a consequence 
the hypothesis has not been conclusively proved or disproved. To by-
pass the difficulties with direct measurement, Siebritz et al. (1980) 
substituted the redox potential by a parameter called the anaerobic 
capacity; this parameter is defined as the mass of nitrate that can be 
removed in an anaerobic reactor if sufficient nitrate is available. 
From this definition the anaerobic potential is an extensive parameter 
whereas redox potential is an intensive one; replacing the redox 
potential by the anaerobic potential is analogous to replacing pH by the 
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restricted conditions only and this will be true also for the redox 
potential, but the conditions which allow such a substitution are not 
clear. However Siebritz, Ekama and Marais (1980) found that the 
anaerobic capacity was not a consistent parameter and was only of res-
tricted use in predicting P release. (see lat~r). 
Randal, Marshall and King in 1969, specifically investigated the 
connection between redox potential and P release and concluded that 
there is no evidence supporting the hypothesis that the redox potential 
· controls the release. From spiked batch tests they found that in all 
cases but one, release always took place immediately the dissolved 
oxygen became zero, but a reduction in the redox potential lagged by 
about 40 to 60 minutes; they concluded that the redox potential is 
only weakly linked to P release. The late changes in redox potential, 
observed by Randal et al. very likely are due to the commencement of 
"fermentation", in which C02 or perhaps H+ in the bulk liquid commences 
to serve as electron acceptor and thereby giving rise to a change in 
the redox potential evident in .the bulk liquid - it would appear that 
the causes for P release must be sought inside the organism, as will be 
discussed later. 
(iii) f~~~~~!!!~!!Y_~!-~~l~~l~-~QQ: The insensitivity of the soluble BOD under 
anaerobic conditions as reported by Shapiro is not unexpected. Dold, 
Ekama and Marais (1980) in their death-regeneration model for bacterial 
metabolism concluded that during death of organisms the lysed products 
are particulate and become enmeshed in the sludge mass or adsorbed 
onto the active mass fraction; consequently these products will not 
be reflected in a COD or BOD test conducted on a filtered sample. The 
fact that Shapiro reported that in the filtered supernatant the NH3 in-
creased after about 40 minute:3 (Fig.4) indicates that the particulate 
TKN (or protein) set free by the death and lyses of the organis.ms 
commenced to be broken down to NH
3 
by anaerobic action, and/or direct 
anaerobic destruction of some organism started to occur due to 
a qualitative shift in the population from facultative to anaerobic -
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Fig.6. P uptake versus relative active 
mass as a percentage of the 
initial active mass as from the 
batch test results shown in 
Fig.5. 
Fig.7. Typical orthophosphate and dis-
solved oxygen concentration pro-
files along the length of a full 
scale plug flow activated sludge 
process (after Scalf et al. ,1969). 
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an explanation not inconsistent with the late changes in redox poten-
tial observed by Randal et al. 
Subsequent research by Shapiro and Levin was oriented to the development of their 
Phostrip method and does not contribute materially to the development of the bio-
logical excess P removal concept. 
Phosphorus accumulating organisms 
In 1975 Fuhs and Chen presented the results of an intensive investigation into 
excess P removal undertaken from 1973. It would appear that they went out from 
the hypothesis that (1) if excess removal is biological then some organism(s) in 
the sludge mass must be capable of accumulating the phosphorus, and (2) an 
anaerobic-aerobic sequence is important in some, as yet, undefined manner. 
In preliminary work they utilized an aerobic activated sludge laboratory unit which 
had been run for a number of years on an artificially constituted influent substrate. 
They convetted the operation to run on an anaerobic-aerobic cycle for two weeks but 
could obtain no evidence of excess P removal. On examining the organisms in the 
sludge microscopically after suitable straining they concluded that this behaviour 
was not unexpected as only few of the organisms in the mass were capable· o.f storing 
polyphosphates. Thereupon they studied samples of activated sludge from the Black 
River Treatment Plant of Baltimore and the Seneca Falls Plant as both these plants 
exhibited excess P removal. The samples of sludge were stored unaerated the night 
after collection and the following day unsettled influent from the respective plants 
was added to the respective batch samples of sludges, and aerated ior 4 hours. 
(The reported mass of sewage added indicated a very high COD load per unit mass of 
sludge). A dramatic decrease in phosphorus, from about 32 to near zero mg P/£, 
was observed over the 4 hours. Subsequent storage of the batch unaerated for 
20 hours caused release to about 40 mg/£. Parallel tests, in which the one test 
sample. was spiked with 2 rnM/£ 2,4-dinitro?henol, indicated virtually co~plete 
inhibition of the uptake mechanism during aeration. Microscopic examination of 
the sludge mass during aeration indicated the presence of intercellular accumula-
tions of inorganic polyphosphates in some bacteria; during the subsequent 20 hour 
anaerobic period the inclusions disappeared and the Pin the bulk liquid.increased. 
Repeated cycles of aeration (4 h) and anaerobiosis (20 h) indicated that uptake and 
release were associated; when P release was high so was the subsequent uptake, 
when P release was indifferent: or zero (even after 20 h of anaerobiosis) so also 
was the subsequent uptake. Generally P release and uptake decreased as the 
number of cycles increased. 
Microscopic study of the P accumulating organisms indicated that the accumulations 
were specific to one morphological bacterium type. From a series of identification 
tests Fuhs and Chen concluded that the organism associated with the phosphorus 
accumulations belonged to the Acinetobacter genus. Pure batch cultures of this 
organism fed on acetate when subjected to the anaerobic-aerobic cycle gave rise to 
a behaviour pattern very similar to that with the mixed liquor sludge samples. By 
the third cycle no release was obtained during the anaerobic period and under the 
subsequent aerobic period a slow release was observed. However when acetate was 
added during the final aerobic period, rapid uptake of P again took place. 
The eventual slow release even under aerobic conditions is not unexpec-
ted; elsewhere it has been noted, in Fig. 5, that the uptake and 
release decrease as the number of cycles increases. If continued long 
enough then,consistently, little or no release and uptake should be 
observed within the cycle sequence; the release under aerobic con-
ditions then could be accounted for by a greater loss of P due to 
endogenous conditions than due to excess uptake. With regard to the 
P uptake on addition of acetate, if one accepts that release and uptake 
are linked, as surmised by Fuhs and Chen, then the uptake finds explana-
tion in that the preceding anaerobic period "conditioned" the sludge 
mass for uptake when a carbon energy source became available. (It 
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should be noted that the P uptake on acetate addition is possibly mag-
nified due to the pure culture organism mass; in mixed cultures the 
effect would be much smaller due to competition for the acetate by other 
organisms). 
Assessing Fuhs and Chen's work the following important aspects must be credited to 
them: (1) Although not explicitly stated they were the first to surmise a possible 
link between P release and subsequent P uptake; (2) they implicated an organism 
group, the Acinetobacter genus, as responsible for the P uptake and release; (3) 
they suggested that the growth of the Acinetobacter was as a result of the anaerobic-
aerobic sequence; in their own words "Anaerobic conditionsipreceding aerobiosis in 
sewage treatment •... could well be related to the appearance of Acinetobacter", 
and (4) they speculated on a biochemical model that explained the growth of the 
Acinetobacter in a more explicit fashion than Shapiro. Again in their own words: 
"The principal function of the anaerobic treatment .... is to establish a faculta-
tively anaerobic microflora. . ..• During anaerobiosis this flora would .tend to 
produce compounds such as ethanol, acetate and succinate which serve as carbon 
source for Acinetobacter ...• without anaerobiosis, an obligately aerobic assemblage 
is likely to develop; and the intermediate products would hot be formed. Acineto-
bacter, which cannot attack sugars* or polysaccharides and are likely to be subject 
to heavy competition for the utilization of amino acids, would not then develop." 
Their proposed mechanism (4 above) however is open to reservations: Their argument, 
that the function of the anaerobic period is to produce intermediates which can be 
utilized by the Acinetobacter in the aerobic phase, does not explain why the 
Acinetobacter appear to grow preferentially in anaerobic-aerobic system - these 
organisms on entering the aerobic phase would still be subject to the same.competi-
tion with other organisms as if these intermediates were added from external sources 
to an aerobic system. Their argument also does not explain why an anaer~bic­
aerobic sequence appears to be essential for P uptake. Under steady state aerobic 
conditions Harold (1966), for example, found that Aerobacter Aerogenes (an organism 
that also can accumulate phosphorus) accumulated P only minimally, so that it would 
appear that some stress situation in the anaerobic-aerobic cycle triggered the P 
release and uptake. However despite these unresolved questions Fuhs and Chen did 
clearly demonstrate that the cycles of anaerobic-aerobic phases gave rise to a 
sludge with specific organisms for P uptake and release, even though the reasons 
for this remained unknown. 
It is of interest to note that in 1967 Wells already came to the con-
clusion that the sludge in plants giving excess P removal differed from 
those in plants that did not. He states: "The rapid uptake of phos-
phates by the Rilling Road plant sludge and the almost complete absence 
of uptake by the East and West plant sludges when treated under identi-
cal conditions, indicate a fundamental difference in the nature of the 
sludge itself over and above plant differences which produced the 
sludge". 
Osborn and Nicholls (1977) pointed out that bes'ides Acinetobacter a 
large number of organisms capable of accumulating P have been reported 
in the literature. Furthermore in P removal plants, as designed in 
South Africa, it has been repeatedly observed that considerable P is 
taken up in the anoxic reactor receiving the outflow from the anaerobic 
reactor; Acinetobacter being an obligate aerobe should find the anoxic 
reactor quite unfavourable for growth thereby suggesting that the 
facultative denitrifying bacteria might also in,clude P accumulating 
organisms and play a role in P removal. 
Despite the difficulties in explaining the presence of the Acinetobacter 
*For example, Acinetobacter cannot utilize glucose, a most readily biodegradable 
substrate. 
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there is little doubt that this organism is an important one in p ex-
cess uptake. Osborn and Nicholls (1977) studying activated sludge 
plants in the Johannesburg area noted the presence of Acinetobacter 
type organisms in all the plants having an anaerobic zone. Rensink 
et al. (1981) found the P accumulating organisms increased under 
anaerobic-aerobic plant operation with consequential increases in p 
removal. 
Buchan (1981) investigated the morphology of the phosphate-accumulating 
organisms and the chemical composition of phosphorus accumulates. 
From mixed liquor samples taken from the Brits, Goudkoppie, Umhlatuzana 
and laboratory scale units all showing excess P removal, he positively 
identified that these processes all contained organisms of the Acineto-
bacter group. To investigate whether this bacterium group is in fact 
able to accumulate large amounts of phosphorus,·he grew pure cultures 
of species of this group under batch test conditions. His results 
indicated that the Acinetobacter can ac~umulate P in excess of 30% of 
the organism mass. Ohsumi, Shoda and Uduka (1980), Shoda, Ohsumi and 
Uduka (1980) and Lawson and Tonhazy (1980) all investigated pure cul-
tures of the Acinetobacter group and all found that the group can 
accumulate phosphorus in _excess of 20 percent by mass. 
Lawson and Tonhazy (1980) and Buchan (1981), utilizing a scanning elec-
tron microscope confirmed the findings of Harold (1966) that metachro-
matic cell clusters (volutin) were rich in phosphorus. Buchan noted 
a consistent association of phosphorus and calcium in the phosphate-
rich inclusions indicating that calcium may be an essential requirement 
for biological phosphate accumulation so that calcium is important not 
only for inorganic calcium phosphate precipitation but also for biologi-
cal excess P uptake. 
Phosphorus Release Prerequisite 
In the late 1960's and early 1970's considerable data were collected on full scale 
plants exhibiting excess P removal, for example, by Vacker, Connel and Wells (1967), 
Scalf, Pfeiffer, Lively, Witherow and Priesing (1969), Witherow (1970) and Millbury, 
McCauley and Hawthorne (1971). All these plants were of the conventional type i.e. 
with long plug flow reactors, graduated aeration from the inlet to outlet, and all 
were operated under high loading rates or equivalently very short sludge ages, from 
l! to 6 days. Underflow recycle ratios (where these are given) ranged from 0,25:1 
to 0,5:1, Dissolved P profiles along the reactor axis characteristically showed 
P values well in excess of those in the influent near the influent end (indicating 
release) up to the point where the oxygen concentration becomes positive, whereafter 
there was a rapid drop in P (indicating uptake) up to the effluent end, see Fig.7. 
It was generally accepted that the release was due to a lack of oxygen arising from 
the high oxygen demand near the influent end, but no special significance was attach-
ed to this beyond the possible reduction in P removal by the process if release 
should commence in the secondary clarifier. The reports principally focussed 
attention on the uptake of P, and in particular the effect of aeration intensity at 
the effluent end on the rate of uptake; Milbury et al. for example noted that 
reverse aeration, i.e. higher intensity aeration at the effluent than at the influ-
ent end produced improved P removal. However, the plug flow regime per se was 
recognized as conducive to uptake and Milbury et al. accordingly recommended length: 
width ratios of 25:1 in design of the reactor. Step feeding to the reactor 
positively was to be avoided; when operated with step feeding Milbury et al. obser-
ved a rapid loss of the P removal propensity. As step feeding provides a mixing 
regime approaching that of complete mixing, completely mixed regimes accordingly 
also were not recommended. A further observation of note was that the filtrate of 
digested sludge from these plants needed to be treated to remove P prior> tci return-
ing it to the head of the works for further treatment: if this was not done.the 
plants lost their p removal propensity even though release and uptake continued as 
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before. This observation is important in that it indicates that the sludge has a 
limited P accumulation propensity, an observation that lends support to the biologi-
cal as against the physical-chemical excess P uptake hypothesis. 
The observations on the behaviour of these full scale plants were of significant 
importance in the evolution of the excess P removal concept. Descriptions of the 
plant behaviour generally displayed sharp insight; although they did not immediate-
ly lead to basic solutions, they influenced all subsequent investigations and served, 
and serve still, as measures against which various hypotheses on excess P removal 
can be evaluated. 
The first surmise that P release may be a prerequisite to excess P uptake was, as 
we have seen in the previous section, due to Fuhs and Chen. However it is to 
Barnard (1975, 1976) that an explicit statement to this effect is due. He hypothe-
sized that, for excess P uptake, the ~ixed liquor needs to be subject to an anaero-
bic state at some point in the process of such intensity that P release is obtained, 
then, if the mixed liquor is adequately aerated, p uptake in the aerated reactor, 
and P removal by the process, will be obtained. Barnard came to this hypothesis 
while testing a 4 reactor Bardenpho (nitrification-denitrification) pilot plant with 
nominal reactor retention times of 2 h primary anoxic, 6 h aerobic, 3 h secondary 
anoxic and 1 h reaeration respectively, operated at an unspecified long sludge age 
with a 4:1 mixed recycle ratio and 1:1 underflow recycle ratio. With an influent 
total P concentration of 9 to 12 mg/£ he noted that the filtered P in the 4 reactors 
typically were 2,5; 2,5; 30 and 0,3 mg/£ indicating a massive release in the 
second anoxic reactor and a massive uptake in the reaeration reactor.* He also 
established that the magnitude of the p-removal was very adversely affected by 
nitrate; as nitrate in the effluent increased so the P removal declined. The con-
founding effect of nitrate first noted by Barnard henceforth was to be a constant 
source of difficulty in all investigations into nitrification-denitrification-P 
removal processes. 
From the background of the experiment above, and after reviewing the literature 
Barnard (1976) stated "The foregoing discussion leads to the inevitable conclusion 
that the activated sludge returned from the clarifier or the mixed liquor must pass 
through an anaerobic phase where the oxygen demand exceeds the supply of both oxy-
gen or nitrates at some stage except the final stage before clarification at which 
point it should be aerated. In this anaerobic zone or stage, a certain degree of 
anaerobiosis or a certain minimum level of the oxidation-reduction potential must 
be reached. At this level of the oxidation-reduction potential phosphates will 
be released to the liquid in the form of dissolved ortho-phosphates and whereas it 
would be difficult to measure the oxidation reduction potential, it would be a 
simple matter of control to measure the release of phosphates in the anaerobic zone 
as a means of ensuring that the necessary conditions for the removal of phosphates 
would prevail." Referring to previous reported investigations on high rate p 
removal plants in America he was" ... led to the conclusion that the only common 
feature of a.11 the plants that could be responsible for removal of the phosphates 
was the intentional or unintentional creation of an anaerobic zone in the plant as 
opposed to an anoxic zone. The sludge or mixed liquor passing through this anaero-
bic zone would then release phosphate to solution in the form of orthophosphates." 
To achieve the prerequisite low redox potential for P release most expeditiously 
he proposed the Phoredox process, Fig.8. He modified the Bardenpho process by 
introducing an anaerobic reactor ahead of the first anoxic reactor to receive the 
underflow recycle and the influent waste flow. It was hypothesized that the waste 
organic load entering the anaerobic reactor would create the necessarily low redox 
po~e~~ial for P release, furthermore, the Bardenpho section of the plant would re-
duce the nitrate sufficiently ·10~.i t_hat any nitrate in the underflow would have 
negligible effect on attaining the required low redox potential level 1n the 
*curiously enough, in all subsequent reports by several investigators no P release 
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Fig. 8. The Phoredox process. Fig. 9. The UCT process. 
anaerobic reactor. 
Barnard's proposed process and his P release hypothesis was experi-
mentally investigated by a number of research workers, McLaren and Wood 
(1976), Nicholls (1977), Simpkins and McLaren (1978) and Davies and 
Wiechers (1978). These investigations verified that P release led to 
P uptake and P removal in the Phoredox process. Also it was observed 
that the magnitude of the removal appeared to increase with increase in 
the nominal retention time of the anaerobic reactor, that the denitri-
fication in the secondary anoxic reactor per unit volume was relatively 
inefficient compared to the primary anoxic reactor and that nitrate 1n 
the underflow recycle had a pronounced adverse effect on excess P 
removal by the process. The inefficiency of the secondary anoxic 
reactor prompted Simpkins and McLaren to suggest that this reactor 
could be left out under certain circumstances and the primary anoxic 
reactor appropriately enlarged, to give the Modified Phoredox process. 
Stern and Marais (1974), Martin and Marais (1975), Marsden and Marais 
(1976), Ekama, van Haandel and Marais (1979), Siebritz, Ekama and 
Marais (1980), Van Haandel, Ekama and Marais (1981), and Van Haandel, 
Dold and Marais (1982) focussed attention particularly on the denitri-
fication aspects of the Bardenpho and Phoredox processes. They found 
that it was not possible to increase the anoxic zones in these pro-
cesses ad lib in order to ensure low nitrate in the effluent and under-
flow recycles; if, for a selected sludge age and temperature the 
unaerated mass fraction of the sludge was increased beyond a certain 
magnitude, the process stopped nitrifying. They showed that the 
maximum anoxic mass fraction allowable was determined by the maximum 
specific growth rate of the nitrifiers, µnm• at the lowest temperature 
the process would be required to operate, and the sludge age. Limit-
ing the anoxic mass fraction (to ensure nitrification) necessarily 
limits the magnitude of the denitrification achievable. They developed 
equations whereby the denitrification can be estimated and concluded 
·that the Phoredox process can be designed to achieve nitrification and 
complete denitrification only if the TKN/COD (mg (TKN-N)/mgCOD) ratio 
of the influent is below -about 0,08. For TKN >0,08 the nitrate con-
centration in the effluent and hence in the recycle to the-anaerobic 
reactor increases causing a disproportionate decrease in the P removal. 
Usually the TKN/COD ratio of raw sewage is in·the range 0,06 to 0,08 
and for settled sewage 0,09 to 0,11; the 0,08 upper limit for the 
Phor,edox process severely restricts the application of this process. 
Siebritz, Ekama and Marais (1980) and Rabinowitz and Marais (1980) 
thereupon investigated modifications to the Phoredox process that would 
make the anaerobic reactor independent of the effluent nitrate concen-
tration; this lack of independence, they perceived, was the main 
obstacle to developing a viable process suitable to treat high TKN/COD 
ratios. Their efforts led to the development of the University of 
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Cape Town (UCT) process, see Fig. 9. The underflow return discharges 
to the primary anoxic reactor (instead of the anaerobic reactor) and a 
further recyc'le (r-recycle) is introduced from the primary anoxic reac-
tor to the anaerobic feactor; the secondary anoxic zone is left out so 
that the system contains 3 reactors only, anaerobic, anoxic and aerobic 
in series. By appropriate operation of the a~recycle the nitrate in 
the anoxic reactor can be maintained at approximately zero, and conse-
quently, the anaerobic reactor receives a nitrate free recycle 
irrespective of the nitrate concentration in the aerobic reactor and 
effluent. This situation theoretically can be maintained for TKN/COD 
ratios up to about 0,14. Extensive experimentation (Siebritz, Ekama 
and Marais 1980, 1982) has confirmed that the UCT process can always 
ensure zero nitrate flow to the anaerobic reactor for TKN/COD < 0,14. 
Surety of a nitrate free recycle to the anaerobic reactor allowed a 
·rational attack on the excess P removal phenomenon without having to 
contend with the confounding effect of the nitrate on the anaerobic 
reactor. 
The importance of Barnard's contribution lies in his (1) recognition of a link 
between· phosphate release under anaerobic conditions and subsequent uptake under 
aerobic conditions, (2) hypothesizing a process configuration which has the propen-
sity to remove both nitrogen and phosphorus. This latter contribution is all the 
more significant for it required moving outside the ambit of the then existing 
activated sludge practice from, low sludge ages to long sludge ages, series plug 
flow reactors to completely mixed series reactors that include anaerobic, anoxic 
and aerobic reactors that allow nitrification and denitrification. His contribution 
can be said to have given a new direction to waste water treatment. 
Readily Biodegradable Substrate Hypothesis I 
Barnard's hypothesis, that biological excess P uptake requires an anaerobic condition 
such that P release is obtained, is not helpful in design for it does not provide 
guidance as to how the required "intensity" of the anaerobic state can be predicted. 
The difficulties in this regard led him to suggest an empirical guideline_ - the 
anaerobic reactor should be provided with nominal retention time of about one hour; 
presumably this would reduce the redox potential to the level necessary to give P 
release. A further difficulty in design is that no guidance is given to predict 
the mass concentration of P that the system will remove in a given design situation. 
In fact, it was not possible to give any firm assurance, at the design stage, that 
the plant would in fact fulfil its design expectations. These difficulties are 
present to various degrees in sanitary engineering design and are to be expected in 
development of a new and rather novel process - they are symptomatic of a lack of a 
model that links the performance of the plant to some measureable input parameters. 
Research efforts towards resolving the process designer's problems now will be 
reviewed. 
In developi~g a general model for the activated sludge process the University of Cape 
Town group established that normal municipal influents contain two biodegradable COD 
fractions, a readily biodegradable soluble and a slowly biodegradable particulate 
fraction (Dold, Ekama and Marais, 1980). They found that the denitrification 
behaviour of the plant was crucially affected by the magnitudes of these two frac-
tions. When the influent readily biodegradable COD, Sbsi~ entered the primary 
anoxic zone it was rapidly metabolized, in a few minutes, with the nitrate propor-
tional to the mass of Sbsi· In contrast the influent slowly biodegradable COD, 
Sbpi, gave rise to a long term low rate reduction of nitrate. In the second anoxic 
reactor only the particulate COD, derived from the influent but principally from 
death and lysis of the organism mass, was operative. These effects gave rise to a 
two phase denitrification behaviour in the primary anoxic reactor and a single phase 
in the secondary anoxic, see Fig. 9. It was also observed that where an anaerobic 
reactor preceded the primary aerobic reactor the readily biodegradable COD in its 
passage through an anaerobic reactor (if no nitrate was introduced) apparently was 
15 
not affected and gave rise to the same reduction in nitrate in the primary anoxic 
reactor as if the anaerobic reactor were not present. It was further established 
that for every mg of nitrate reduced by the readily biodegradable COD, 8,6 mg of 
readily biodegradable COD was utilized, for synthesis and energy production. In 
the anaerobic reactor, therefore, entry of say 10 mg (NO -N) removed 86 mg readily 
• 3 -
biodegradable COD. 
Van Haandel, Ekama and Marais (1981) extended the general aerobic model to incor-
porate the kinetic behaviour of the process under anoxic and anaerobic conditions 
and derived steady state equations by means of which the denitrification behaviour 
of a plant can be readily predicted. This in turn opened up a way to quantify the 
anaerobic state in the anaerobic reactor: Siebritz, Ekama and Marais (1980) pro-
posed a parameter~ the anaerobic capacity, which is defined as the difference be-
tween the denitrif ication potential of an anaerobic reactor and the nitrate 
discharged to the reactor where the denitrification potential is the maximum mass 
concentration of nitrate that the reactor can remove if sufficient nitrate is 
discharged to it. It was hoped that this parameter, because it could be estimated 
from the process kinetics and the input data, would substitute for the redox 
potential; which could not be predicted. Accordingly it was hypothesized that if 
the anaerobic capacity reached a sufficiently great magnitude, then P release would 
be induced in the anaerobic reactor. 
Application of the anaerobic capacity to the UCT process indeed appeared to indicate 
that if the potential exceeded about 10 mg (N0
3
-N)/£ in the anaerobic reactor then 
P release was observed with associated P removal. However when applied to a two 
reactor nitrification-denitrification system, Fig. 10, with an unaerated mass 
fraction of up to 70 percent, operated such that the anaerobic capacity was 34 mg/£, 
no release in the first reactor was obtained and only minimal P removal.by the 
process was achieved. In contrast a UCT process operated in parallel, with only 
7,5 percent anaerobic mass fraction and an anaerobic capacity of 12 mg (N03 -N)/£ 
gave rise to P release and excess P removal. The only evident difference between 
the two systems was that in the UCT process an appreciable concentration_of readily 
biodegradable COD was present in the anaerobic reactor whereas in the two reactor 
process the nitrate recycled to the first or anaerobic reactor had completely util-
ized the readily biodegradable COD, so that the anaerobic capacity arose totally 
from the utilization of slowly biodegrad2b]e COD. These observations led to the 
hypothesis that the presence of readily biodegradable COD in the anaerobic reactor 
induced P release and excess removal. 
Extensive research into the utility of this hypothesis over a year by Siebritz, 
Ekama and Marais (1982) established that release is induced if the readily biode-
gradable COD in the anaerobic reactor, Sbsa• exceeds about 25 mg/£,the release and 
excess removal increasing as (Sbsa-25) increases. This opened the way for enquiry 
into other factors affecting the release and excess removal, and quantitisation of 
the excess removal. It appeared that excess P removal depended on (1) (Sbsa-25), 
(2) the frac~ional mass of sludge in the system passing through the anaerobic 
reactor, and (3) the actual time a unit of sludge is retained in the anaerobic 
reactor; if any one of these is zero, no excess removal is obtained. Empirically 
these three factors were combined in a phosphorus removal propensity factor and it 
was found that the fractional mass of phosphorus relative to the active mass, y, 
could be functionally related to the P removal propensity factor.* Further inves-
tigation showed that in the Phoredox and UCT processes, due to the recycle systems 
and their interactive effects on the anaerobic retention time, the fractional mass 
of the sludge in the process passing through the anaerobic reactor per day and the 
concentration of Sbs in the anaerobic reactor, the three parameters can be reduced 
to two, (1) (Sb 8 -20) and (2) the anaerobic mass fr.qction, defined by (mass of 
* . Once y is available the removal can be calculated from the sludge wasted each day, 
for, under steady state operation the YPmo?)al, _can only take place via the waste 
sludge. 
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sludge 1n the anaerobic reactor)/(total mass of sludge in the system). 
Extensive testing of the concepts embodied in the P removal propensity factor has, 
in every instance, verified the utility of this approach. At laboratory scale, 
employing the UCT process the concepts were tested at different sludge ages, 
temperatures, anaerobic mass fractions, influent COD concentrations in which the 
readily biodegradable fraction of the influent (unsettled municipal sewage) was 
augmented by addition of glucose or acetate. All these tests have given results 
remarkably consistent with the predictions of the theory. At full scale, in a 
joint research project with the Johannesburg City Council, on the Goudkoppies and 
Northern Works, analysis of the process in terms of these concepts has explained 
the poor and erratic P removal obtained in these plants and provided a basis for 
suggesting procedures to improve the removal where this was possible (Nicholls, 
Osborn and Marais, 1982). It would seem that the readily biodegradable hypothesis 
and its consequences allow for the first time, a rational quantitative approach to 
optimal design of proposed P and N removal plants, and a basis for evaluating the 
performance of existing plants (Ekama, Siebritz and Marais, 1982). 
Biochemical Mechanism for P Release and Uptake 
The models for excess P removal presented by Barnard and by Marais and his group 
are virtually totally heuristic because the behaviour is not explained in terms of, 
or directly linked, to any basic biological or biochemical phenomena, except perhaps 
that in Marais' approach the removal is linked to the mass of active material genera-
ted per day (Siebritz et al. 1982). Until a satisfactory bioch£mically based model 
of P release and uptake is evolved it is unlikely that the full potential of pro-
cesses, utilizing these phenomena for excess P removal, will be attained. Such a 
model to be successful should, in our opinion, provide answers to the behavioural 
pattern observed in P removal plants listed below: 
~'c 
(1) P release to the bulk liquid takes place under anaerobic conditions if 
readily biodegradable COD is present in the bulk liquid.* 
(2) P uptake takes place if P release had been obtained and nitrate or 
oxygen is present. 
(3) Release, uptake and excess removal are sensitively related to the con-
centration of readily biodegradable COD in the influent - addition of 
acetate or glucose to the influent is reflected in improved P removal 
performance. 
(4) Anaerobic-aerobic sequencing appears to be essential in order to obtain 
P removal - in an anaerobic-aerobic plant that is removing P, if it is 
changed to operate as an aerobic-aerobic one, or, if sufficient nitrate 
is added to the influent of the anaerobic-aerobic plant so that nitrate 
is present in the anaerobic reactor, P removal immediately ceases. 
This indicates that, even though the appropriate organism may b'e present, 
specific conditions also must be present to obtain P removal. 
(5) Anaerobic-aerobic conditions appear to promote the growth of P accumulat-
ing organisms. This aspect is particularly intriguing for many of the 
organisms implicated are obligate aerobes, for example Acinetobacter, 
yet these organisms apparently find considerable advantage for growth 
by passing through the anaerobic phase with substrate present (as indi-
cated by their abundance in P removal plants, Buchan 1981). This 
behaviour is the more remarkable when it is noted that acetate promotes 
the growth of these organisms in the system even though this substrate 
is completely unavailable as an energy source to aerobes in the anaero-
bic zone, being one of the end products of the Embden-Meyerhof pathway .. 
Readily biodegradable COD implies, in a biochemical sense, a substra.te that can 
readily pass through the cytoplasmic membrane of the cell l:>y diffus1on or o~wotiC. 
pressure. 
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(6) From denitrification rate and oxygen utilization rate studies in the_ 
anoxic or aerobic reactors of a P removal process there is heavy com-
petition for substrate between the polyP and other microorganisms 
whereas in the anaerobic reactor there can be competition only for 
substrates that can be utilized through anaerobic glycolysis e.g. the 
Embden-Meyerhof pathway. 
Phosphate accumulation by organisms in P removal plants is but one instance of 
this phenomenon. Harold (1966) in an authoritative survey of the state of the art 
reports that polyphosphate accumulation is widespread among microorganisms and has 
been observed amongst others in bacteria, yeasts, fungi and phosynthetic algae. 
Phosphorus plays such a crucial role in biology that it must have been associated 
with life from the beginning. There is the suggestion that polyphosphates (polyP) 
and/or pyrophosphates predate adenosine triphosphates (ATP) as an energy carrier, 
that polyphosphate is a metabolic fossil which in time has lost its original 
function to assume new ones "which still elude us" (Harold 1966). From an evolu-
tion point of view if one considers the rapid adaptability and the frequency of 
mutation in microorganisms, any such new functions would have developed only if they 
accrued some advantage to the organism in its competitive struggle for survival 
otherwise their presence would have diminished with time. It seems therefore that 
if one could identify the function(s) of polyP accumulations it would go a long way 
to elucidating their biochemical behaviour. 
With regard to function, Harold states that there is no clarity as to whether the 
polyP accumulations serve the function of phosphate storage or energy storage. He 
tended towards the phosphate storage hypothesis on the basis that the accumulation 
of polyP will suffice for several doublings of the cell rriass should subsequent 
phosphate starvation occur and starvation of P is not unlikely, in nature generally 
P availability is low; also "polyP could constitute an accessible reserve for 
synthesis of messenger RNA, ribosomes and metabolic intermediates to facilitate the 
initiation of growth". Furthermore, he was of the opinion that storage of polyP 
"would minimize disturbance of the osmotic equilibrium and of the concentrations of 
the critical intermediates, Pi*, and andenine nucleotides." 
Considering synthesis and degradation of polyP, Harold states that: "There appears 
to be only a single pathway for the biosynthesis of iong-chain polyP. This is the 
reaction catalyzed by polyphosphate kinase, in which the terminal phosphoryl group 
of ATP is transferred to polyP according to the reaction (a) : ATP + (Pi)n ~ 
ADP+ (Pi)n+l·" With regard to the breakdown of polyP both polyphosphate kinase 
and Polyphosphotase are implicated. Polyphosphate kinase can act reversibly for 
both synthesis and degradation - there is evidence that some types of polyphosphate 
kinase may be involved in the transfer of phosphate from polyP to andenosine 
monophosphate (AMP) or for phosphorylation of glucose. Polyphosphotase, however, 
acts only in the degradation of polyP to phosphate. 
The regulating mechanisms that control these reactions are but poorly understood. 
As an example of this lack of understanding, consider the mechanism that controls 
the accumulation of polyP in the so-called "polyphosphate overplus" phenomenon. 
This phenomenon is observed in organisms that can accumulate P when the organism is 
innoculated into a medium that contains all the substances necessary for growth i.e. 
salts and carbon energy, with the exception of a deficiency in phosphate. This 
deficiency causes that nucleic growth cannot occur but observations show that poly-
phosphate kinase and polyphosphotase increase in concentration. On addition of 
phosphate to the medium a rapid accumulation of polyP is catalyzed by the kinase, 
whereupon the kinase concentration commences to decrease but the phosphatase con-
centration remains high probably to break down the polyP to phosphate for nucleic 
acid synthesis. Regulation of these reactions poses the question: Is the increase 
in kinase during P deficiency regulated by the low concentration of P in the medium 
* Pi represents the phosphate radical; (Pi)n a polyP chain of n Pi units. 
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or by the ATP-ADP-P equilibrium within the organism? This same kind of question 
crops up where any other essential metabolite is absent, such as nitrogen or sul-
phur. 
The behaviour patterns described above generally point to the hypothesis that P 
accumulation is a response to a stress condition in which the propensity for P 
accumulation confers an advantage on the organism in a way not evident. 
The first endeavour to construct a biochemical model of P uptake and release in 
the activated sludge process is due to Osborn and Nicholls (1977) of Johannesburg 
City Council. Cognizant of the past work (as set out by Harold) they approached 
their subject from the standpoint that the polyP phenomenon is a response by the 
organism to the imposition of an anaerobic stress, that the polyP pools assist the 
organism in surviving the stressed state. This approach in itself constituted a 
bold extension on the work reported by the bacteriologists - they considered only 
aerobic systems, and the stresses they applied were by imposing deficiencies in 
selected metabolites. 
In 1978 the Johannesburg group extended their work by proposing that "poly--8-
hydroxybutyrate also plays an important role in maintaining the life GYCle of 
aerobic and denitrifying organisms during their passage through the anaerobic zone", 
Hall, Ni.cholls and Osborn (1978). They state: "Under normal aerobic conditions 
sewage (as typified by glucose in the following equation) is oxidised in a series 
of steps to pyruvate, which results in the production of 4 hydrogen atoms and the 
liberation of 4 electrons 
C6H1206 -+ 2CH3 CO COOR + 49+ + 4e-
Glucose pyruvic acid 
These hydrogen ions and electrons are then passed through the Krebs (citric acid) 
cycle and finally meet up with oxygen from either the air or from nitrate, and are 
eliminated from the system as water. 
"Under anaerobic conditions aerobic bacteria can metabolise substrate up to the 
formation of acetyl coenzyme A, and will die at this point if no alternative route 
is available to relieve the system of the accumulated hydrogen ions and associated 
electrons. Some bacteria have the ability to absorb these hydrogen ions and con-
vert them into water insoluble poly-B-hydroxybutyrate where they can be, as it were, 
temporarily stored until aerobic conditions are restored. The poly-B-hydroxybuty-
rate reverts back to acetyl coenzyme A which then passes the liberated hydrogen out 
of the system as water via the aerobic Krebs cycle. 
"Energy requirements for obligate aerobes finding themselves in an anaerobic environ-
ment can be supplied as indicated in the following equation: 
Acetyl CoA + ADP + Pi -+ ATP + acetic acid + CoAH 
where the ATP formed is used to support life-sustaining reactions. The phosphorus 
requirements are probably preferentially supplied fromthepolyphosphate pool. 
"Many aerobic bacteria have the ability to form poly-B-hydroxybutyrate and the con-
cept of this compound acting as a balancing facility for hydrogen ions, or as an 
electron sink, as it is now more commonly called, is probably the basis of survival 
of many bacteria when exposed to.temporary conditions of anaerobiasis.m~ 
From the abstract above the Johannesburg group appears to advance two mechanisms for 
survival in the anaerobic zone: (i) energy for ATP formation derived from the break 
up of polyP chains to phosphate and (ii) creation of a balancing facility for hydro-
gen ions and electrons by the formation of PBH. Generally the orientation of the 
Johannesburg model is towards survival. Judged against the six observations on P 
.,~ 
The authors have quoted the writers 
ises their approach to this problem. 
be found in their papers. 
at length for the passage above neatly summar-
Details of the biological pathways are to 
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removal process behaviour the main aspect in which the model is not persuasive is 
that it does not explain satisfactorily the evident advantage the polyP organisms 
appear to have in processes having anaerobic zones as indicated by their prolifera-
tion in these processes. However, this imputed deficiency aside, the model showed 
its worth in practical terms immediately*: Noting the role of the intermediates in 
poly-S-hydroxybutyrate formation and further, that the retention time in the anaero-
bic reactor is too short to process the particulate COD input via the Embden-
Meyerhof pathway to produce intermediates, the ~roup proposed that the intermediates 
be augmented as follows: Subject the underflow from the primary settling tank to 
acid digestion and feed the supernatant to the P removal plant. They experimented 
by introducing the acid digester supernatant to the anaerobic, anoxic or aerobic 
zone and found that the most promising results were associated with add{tion to the 
anaerobic zone. This outflow from their model has provided a means whereby the P 
removal propensity can be extended to plants treating influents deficient in readily 
biodegradable influent COD and merits serious attention in future research. The 
behavioural pattern, with acid addition, also provides direct support for the read-
ily biodegradable COD hypothesis of .the Cape Town group. 
Rensink (1981) reported on the work on excess P removal at the Technical University 
of Wageningen, Holland. Following on the work of Osborn and Nicholls they con-
curred that the presence of polyphosphates served as a survival mechanism for polyP 
organisms during the anaerobic phase, but went further by hypothesizing that during 
the anaerobic phase the lower fatty acids present in the liquid phase are stored as 
PHB, the energy for formation of PHB being obtained by conversion of polyP to P04 
via ATP and ADP. In the aerobic zone the stored PHB is utilized for the dissimula-
tion and assimulation functions of the organism, i.e., the PHB accumulated during 
the anaerobic phase provides a source of energy for growth of the polyP organisms 
in the aerobic zone over and above that available in competition with other non-
polyP organisms in that zone. The storage mechanism indeed is of crucial importance; 
Rensink notes that Acinetobacter, for example, is a relatively slow growing organism 
so that in the aerobic zone, in the absence of the storage mechanism, this organism 
will show relatively minor growth in competition with other faster growing faculta-
tive organisms. The storage mechanism therefore explains the growth of polyP 
organisms in anaerobic-aerobic systems. Also, in terms of this hypothesis· the mass 
of polyP organisms should be strongly linked to the mass of lower fatty acids 
available to this organism in the anaerobic zone. 
Rensink demonstrated the conversion of the lower fatty acids to a higher energy form 
in the anaerobic reactor as follows: To an anaerobic sample of mixed liquor, from a 
P removing plant, acetate was added and monitored with time. In both filtered and 
unfiltered samples taken from the batch, the acetate concentration diminished with 
time and concomitantly the phosphate concentration in the filtered liquid increased. 
Disappearance of acetate from the filtered sample indicates absorbtion of the ace-
tate by the organisms; disappearance from the unfiltered sample indicates transfor-
mation of the acetate to some other organic material, see Fig.10. To show that the 
acetate removal and P release and uptake are associated with the polyP organisms, a 
10 in-series reactor system was operated, initially all aerobic, and it was found 
that P removal was that expected for normal metabolic requirements. On changing to 
an anaerobic/aerobic system (5 anaerobic, 5 aerobic), initially no P was released 
and uptake was normal, but gradually over a six-week period, release and excess up-
take developed in an increasing degree. Over the same period the plant was period-
ically given a dose of acetate in the influent; at the start of the six-week period 
little or no acetate disappeared in the anaerobic reactor series but by the end of 
six weeks the acetate disappeared, to zero, ·by the third anaerobic reactor, see Fig. 
11. Over the six-week period the polyP organisms also were found to increase in-
dicating a correlation between the polyP organism growth and acetate disappearance. 
These results are very revealing and constitute a significant contribution towards 
elucidating the phenomenon of P uptake and release . 
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Acetate behaviour in the anaero-
bic zone, immediately after a 
change-over from a totally aero-
bic system to an anoxic-aerobic 
one, and after six weeks (After 
Rensink, 1982). 
Rensink ascribes the presence of the lower fatty acids to the redox state in the 
anaerobic reactor - the lower this state the more the growth of facultative anaer-
obes will be promoted in the system, the greater the production of lower fatty acids 
and logically the higher the P removal. In this regard Rensink follows the same 
line of thought as Fuhs and Chen and Shapiro, that the fatty acids are produced in 
the anaerobic state at low redox potentials. This approach would appear to be in 
direct contrast to' that proposed by the University of Cape Town group which proposes 
that the .substrate that promotes excess release and uptake: is present in the influ-
ent (the so-called rapidly biodegradable COD), and that the redox potential is not 
a significant parameter. A brief discussion on these two'points of view will 
assist in clarifying the situation: \ 
Generally all substrates, except the lower fatty acids, must pass 
through the Embden-Meyerhof or some other equi~alent pathway to convert 
the substrate to a form (for example, acetate Jr formate) suitable for 
entry into either the aerobic Krebs cycle or atlaerobic fermentation 
pathway. It is important to note that this sttep is essential in both 
aerobic and anaerobic processes. The conversion rate is dependent on 
the type of substrate; Dold et al. (1980) has shown that in aerobic 
processes the utilization rate of particulate organic material is slow, 
whereas for some soluble substrates the rate is extremely rapid, 
approximately 7 to 10 times faster than for the particulate substrate. 
With the particulate substrate the rate limiting step appears to be the 
solubilization of the particulate matter whereupon it can pass into the 
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organism for energy production and fatty acid formation via the Embden-
Meyerhof pathway. Similarly Eastman and Ferguson (1981) have shown 
that in anaerobic processes the rate limiting step for particulate sub-
strate also lies in the solubilization of particulate organic material 
prior to lower fatty acids production. In both aerobic and anaerobic 
processes soluble substrates like glucose pass readily through the 
cytoplasmic membrane and are rapidly utilized for energy production, 
and for production of lower fatty acids via the Embden-Meyerhof pathway. 
' As this pathway is operative in both aerobic processes, with high redox 
potential, and anaerobic processes, with low redox potential, it must 
be concluded that the Embden-Meyerhof reactions at best are only weakly 
affected by the redox potential. 
From the discussion above there is good reason to believe that the production of 
lower fatty acids in the anaerobic reactor of P removal plants, under the usual 
modes of operation, will be minimal for particulate COD and probably is derived al-
most exclusively from the rapidly biodegradable COD.* It would be instructive 
therefore to enquire more closely into the fate of the rapidly biodegradaple sub-
strates and their interaction with the polyP organisms. 
Interaction of the polyP organisms with the substrate cannot be done effectively 
unless a model of polyP behaviour is hypothesized. Then if it can be shown in 
biochemical terms that the model is consistent, this would provide a basis for 
experimental investigation to test the model. A model for the polyP. organism 
behaviour can be constructed if the-following hypothesis is accepted: 
PolyP accumulation serves as an energy reservoir, to sustain the organ-
ism during the anaerobic stressed state, but principally to gain a 
positive advantage over non-P accumulating organisms by par.titioning 
of readily biodegradable COD (in the lower fatty acid form) in the 
anaerobic state for its exclusive use subsequently in the aerobic state. 
The biochemical behaviour is envisaged as follows: 
In the formation of a polyP chain the linking of two phosphate radicals requires 
the input of about 1 ATP (7 kcal/mole P). When this bond is broken the same quan-
tity of energy is released for work, and a phosphate radical is released. Under 
anaerobic conditions with readily biodegradable COD surrounding the organisms, when 
polyP is degraded it provides P and energy to form ATP. The ATP is used to bring 
substrate into the cell and to convert the substrate to a lipid form available for 
storage as aceto-acetate and/or poly-S-hydroxybutyrate. Two types of substrates 
are to be considered, first, a relatively 'low energy' short chain fatty acid which 
cannot yield biological energy through anaerobic glycolyses, 'e.g. acetate, and 
second, a relatively 'high energy' substrate which can be used by facultative and 
aerobic organisms to yield energy through anaerobic glycolysis, e.g. glucose. 
Acetate: · Acetate entering the cell will be complexed by the enzyme CoA to form 
acetyl CoA, a reaction requiring an input of energy of 2 ATP. This is achieved as 
follows: An ATP is formed from ADP + Pi + 7 kcal/mole P where Pi and the energy is 
produced by breaking of a phosphate radical (Pi) from the polyP chain (Pi)n which 
yields 7 kcal/mole P., i.e. 
* Under high anaerobic mass fractions and low recycles giving rise to long actual 
anaerobic retention times, acid formation from the slowly biodegradable COD frac-
tion may become of significance and probably is contributory to excess P removal 
for example in the process of Kerdachi and Roberts (1982); however, their mode of 
operation results in a process behaviour that is (i) oxygen limited rather than the 
normally COD limited state, and (ii) the anaerobic mass fraction is so large, 80 to 
90 percent, that the metabolic processes appear to deviate significantly from that 
normally observed, for example, the sludge produced per day in their plant appears 
to be 75 to 100 pe.rcent more than that normally expected. 
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2ADP + (Pi) 2 = 2ATP (1) 
acetate + 2ATP + Co-A + acetyl CoA + 2ADP + 2Pi (2) I 
! 
This step would in fact reduce the acetate concentration within the organism allow-
ing an osmotic pressure to be created for further entry of the su.bstrate. The 
organism has only a limited supply of Co-A so that acetyl Co-A will not be a con-
venient means of storing the ingested substrate. Storage is more likely as a 
lipid of the form acetoacetate (or perhaps hydroxybutyrate, see below), i.e. 
2 acetyl Co-A + 2ADP + 2Pi + acetoacetate + 2ATP + 2Co-A 
The overall energy required in the storage of acetate as acetoacetate is 
given by 2 times Eq (2) plus Eq (3) i.e. 
2 acetate + 2ATP + acetoacetate + 2ADP + 2Pi 
(3) 
(4) 
Thus, to store a molecule of acetoacetate (originally from,2 molecules of acetate) 
requires that 2Pi are released, these originating from the/polyphosphate store, 
thereby inc~easing P continuously in the cell, creating aniosmotic pressure of P 
which diffuses through the cytoplasmic membrane and increases the P concentration 
in the bulk liquid. 
Glucose: Where glucose is the readily available substrate two situations may arise, 
(a) the.polyP organisms may not be able to utilize glucose (or any other simple 
sugar) as the carbon source - according to Fuhs and Chen (197S) this is the case 
with regard to Acinetobacter; or (b), polyP forming organisms can utilize glucose 
as a substrate. 
(a) f2lyf_2!B~~i~~~-~~gg2!-~!ili~~-gl~£~2~: 
For this situation in a mixed culture the facultative organisms only will utilize 
glucose as an anaerobic energy source via the Embden-Meyer~of pathway, the two 
principal steps being 
(i) Glucose to pyruvate: 
1 Glucose + 2ADP + 2NADox + 2 Pyruvate + 2ATP + 1NADRED (Sa)* 
(ii) Pyruvate to short chain fatty acids: 
The reaction is depicted as follows: 
2 Pyruvate + 2NADRED + 3 Acetate + 2NADox (Sb) 
In this step pyruvate is reduced (i.e. accepts the electrons from NADRED) to 
form the by-product of fermentation - acetate, and NADox is regenerated. The 
overall reaction, for (i) and (ii) above, for the Embden-Meyerhof breakdown of 
I 
glucose, is given by the sum of reactions (Sa and Sb) !above, i.e. 
1 Glucose + 2ADP + P + 3 Acetate + 2ATP (6) 
(Note that P in Eq (6) does not originate from polyP but from P present in the 
cytoplasm). 
At the completion of reaction (6), the facultative organism is in the same 
electron state as before the reaction, except that it is at a higher energy 
level, by 2ATP/molecule of glucose; the bulk concentration of acetate has 
also increased by three molecules. The acetate cannot be utilized further 
by the facultative organisms while in an anaerobic state. If polyP organisms 
are present in the mixed culture, the acetate is avaiiable for storage as aceto-
acetate, as set out under acetate utilization above. Consequently, by being 
*NAD (nicotinamide adenine dinucleotide) is an electron caJrier in the cell, the 
reduced and oxidized states being depicted as NADRED and NADox respectively. The 
ratios of NADox/NADRED and ADP/ATP both serve as regulating parameters in feed-back 
mechanisms controlling many of the transformation reactions in which they are 
involved. 
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in a mixed culture in the anaerobic state the polyP organism receives sub-
stantial benefit by being able to utilize the products of the glycolysis 
reaction (by the facultative organisms) of an input substrate it cannot use 
directly. If glucose was fed to a pure culture of polyP organisms (of the 
polyP strain under discussion) the mechanisms set out above would not be 
possible. 
(b) ~~1Y~-~!B~~!~~~-£~g-~££~E!_g1~£~~~-~~-~-£~!~~g-~~~!£~: 
In this situation both the facultative and polyP organisms will compete for the 
glucose molecules surrounding them. F6r both species the glucose will be broken 
down in the Embden-Meyerhof pathway according to reaction (Sa) above. Thereafter 
the action of the two groups of organisms may differ. The facultative organism 
continues via reactions (Sb and 6) to discharge acetate. In some strains of polyP 
organisms there may exist a pathway whereby utili?.ing the electrons (as NADRED) and 
pyruvate generated in reaction (Sa), the pyruvate is transformed to poly-B-
hydroxybutyrate (PHB) which can be stored in these organisms. The storage mechan-
ism can be depicted as follows: 
(i) The pyruvate is oxidized to acetyl Co-A with NADox acting as the electron 
acceptor: 
2 Pyruvate + 2NADox + 2 Co-A + 2 Acetyl Co-A + 2 C02 + 2NADRED 
(ii) Acetyl Co-A is converted to acetoacetate: 
2 Acetyl Co-A + acetoacetate + 2 Co-A 
(iii)Acetoacetate acts as electron acceptor to form B-hydroxybutyrate: 
Acetoacetate + lNADRED + 1 B-hydroxybutyrate + lNADox 




1 Glucose + 3NADox + 2ADP + 2P + 18-hydroxybutyrate + 2 C02 + 2ATP + 3NADRED (10) 
The overall reaction indicates that 2ATP and 3NADRED are produced from 1 Glucose. 
Unless the organism can find a sink for the 3NADRED the organism would not be viable. 
From this it would appear that the pathway above is unlikely in a pure culture of 
this organism. However, in a mixed culture the facultative organisms (in competi-
tion for the glucose) would discharge acetate but the polyP organisms utilizing its 
polyP store to generate ATP (according to reaction (1)) can use the excess NADRED 
in reaction (10) to transform the acetate to acetoacetate and then to PHB in accord-
ance with reactions (2 and 3), and reaction (9) respectively. The proportions of 
the relative mass fractions of acetoacetate and PHB stored probably will be con-
trol led by the relative fractions of facultative and polyP organisms and the mass 
and type of substrate available. Here again, it is apparent that a mixed culture 
while in the anaerobic state confers an advantage on the polyP organisms in that 
the mixed nature of the culture promotes the sequestering of the readily available 
substrate for the subsequent exclusive use by the polyP organisms. 
~~1Y~-!~!~~!!~~-~~~-~i-~!~!~g~: When the polyP organism with its stored substrate 
enters an aerobic (or anoxic) region, the stored substrate will be oxidized 
immediately giving rise to a rapid increase in the ATP/ADP ratio which in turn will 
act as a feed-back mechanism activating (or producing) polyP kinase to catalyze 
polyP production in order to refill thepolyP pool. (The same type of control 
probably also acts under anaerobic conditions: the ATP/ADP ratio will decrease 
acting as a feed-back mechanism activating (or producing) polyphosphotase to cata-
lize the breakdqwn of stored polyP to Pi for ATP production). 
~~~!BY_£2~~!~~!~!!2~~: To illustrate the advantage accruing to the polyP organism 
by its sequestering action, acetate will be used as an example. From reaction (4) 
it is shown that 2ATP (from the polyP pool) is required for two molecules of acetate 
to be converted to the storage form of acetoacetate. Under aerobic conditions, 
through the Kreb cycle and subsequent oxidative phos,phorylation, the overall 
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reaction is 
1 Acetoacetate + 4 02 + 8NADRED + 22ADP + 22P ~ 4C02 + 8H2 0 + 8NADox + 22ATP (11) 
Now two acetates are needed to form one acetoac~tate, consequently, from reaction 
(11) for each acetate stored in the cell llATP will become available under aerobic 
conditions. To store this acetate requires lATP. Hence, from an investment of 
lATP from its polyP pool, llATP is returned. This would not have been possible if 
the organism did not have the polyP storage propensity. 
The analysis above was restricted to two substrates, acetate and glucose, to illus-
trate the different pathways required by the polyP organism to utilize these. In 
the real world, the substrate will consist probably of many types but the mechanisms 
described above very likely will still apply. 
The bioenergetics model described above would appear to explain the six behavioural 
patterns observed on large plants listed at the beginning of this section. Also, 
it supports ~he proposal from the Johannesburg group that addition of acid diges-
tion supernatant would have a significant effect on P release, uptake and excess 
removal, even though the last two have not been dealt with in depth in the model 
presented. Having an hypothesized model should facilitate development of .experi-
mental designs to test its validity, and more important, to optimize P removal in 
full scale plants. 
CONCLUSION 
This paper has traced the development of the concept of biological excess phosphorus 
removal in activated sludge from its first reported manifestation in 1959 to the 
present. The cumulative evidence towards its existence is persuasive and there 
should not remain much doubt that the p:1enomenon is biological. Its theoretical 
description, in a biochemical or bioenergetic sense however, is still in a rudimen-
tary stage. The parametric black box approach in its development and application 
to design and optimization of P removal plants, which up to now has dominated 
enquiry, probably has past the peak of its usefulness as a research tool. The 
direction of future research is likely to be influenced increasingly by the bio-
chemical aspects of the phenomena; any significant advances in the use of. this 
phenomenon in waste water treatment will, in the opinion of the authors, be contin-
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A PARAMETRIC MODEL FOR BIOLOGICAL EXCESS PHOSPHORUS REMOVAL 
I .. P.Siebritz., G.A.Ekama and G.v.R.Marais 
Department of Civil Engineering, University of Cape Town, 
Rondebosch, 7700, South Africa. 
Abstract 
Biological excess phosphorus removal in nitrification-denitrification 
single sludge activated sludge processes is shown to be stimulated by 
having a concentration of rapidly biodegradable COD (Sbsa) ~25 mg/£ in 
the anaerobic reactor; the magnitude of the P removal is determined by 
a P removal propensity factor (Pf) defined by the product of (Sbsa-25) 
and the fractional mass of sludge in the anaerobic reactor. Sbsa is 
rapidly depleted by nitrate entering the anaerobic reactor; in the 
Phoredox process treating municipal waste flows if the TKN/COD ratio of 
the influent is greater than about 0,08 mgN/mgCOD the process, if de-
signed to ensure efficient nitrification, is unlikely to remove all the 
nitrate and nitrate is recycled to the anaerobic reactor whereupon P 
removal declines. A new process is proposed that protects the anaero-
bic reactor from the nitrate in the effluent; tests indicate that this 
process can give excess P removal for TKN/COD ratios up to 0,14 mgN/ 
mgCOD. 
INTRODUCTION 
One of the main difficulties in devising an activated sludge process to give excess 
biological phosphorus (P) removal has' been the lack of an acceptable mechanistic ex-
planation of the phenomenon. Although a number of mechanisms have been advanced, 
process configurations and operational procedures to exploit such mechanisms have 
not, as yet, supported the hypothesized mechanisms unambiguously; evidently some 
aspects that affect the phenomena are not yet identified or correctly understood. 
Research iuto the process per se has, as a consequence, been forced to take the 
approach: "Let us seewhat happens if ..... ". The body of information that has 
been built up by this approach, although of a parametric or heuristic nature, has 
attained its own momentum and, in turn, provides data and situations which may be 
exploited by investigators focussing on the mechanistic aspects. 
Since 1970 the. University of Cape Town group has been engaged in intensive research 
into the activated sludge process. From the times Barnard in 1973 and 1975 pro-
posed the respective explicit process configurations to remove nitrate and phosphor-
us biologically in the single sludge process, the group included enqu_iry also into 
these two phenomena as part of its research program. In this regard the group 
accepted, as a basic proposition, that nitrate and excess P removal are biologically 
mediated phenomena and hence should be viewed as integral parts of the general theory 
of the activated sludge process. In time this policy has proved to be a sound one 
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because research into denitrification contributed considerably to the understanding 
of the aerobic process kinetics, and it was only after the establishment of the 
general nitrification-denitrification activated sludge model that it has become 
possible to make headway towards describing biological excess phosphorus removal 
even though the phenomenon is not yet understood. 
In this paper the development of a quantitative semi-empirical parametric method 
for describing excess phosphorus removal will be briefly set out. A semi-
historical approach is adopted as this will contribute to an overall appreciation 
of both the problem and the difficulties attendant in finding a solution. 
EARLIER DEVELOPMENTS 
With regard to excess P removal, from the reports of earlier investigators (e.g. 
Fuhs and Min Chen 1975, Barnard 1976) one conclusion has emerged which now appears 
to be generally accepted, i.e. excess removal is stimulated by stressing the organ-
ism by withholding the oxygen supply. Quantification of this stress, however, has 
presented major obstacles principally for two reasons, (1) the parameter in terms 
of which the stress is to be formulated is unknown and (2) in nitrification-
denitrification systems introduction to and the presence of nitrate in the unaerated 
reactors are confounding factors that have complicated the problem of identification 
of the stress parameter. These difficulties will be evident in much of the 
presentation that follows. 
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Barnard (1974) in pilot scale studies on the Bardenpho process (Fig.l) reported 
that excess biological P removal is induced if at some point in the process confi-
guration the organism mass is stressed by subjecting it to an "anaerobic" state 
(i.e. a state in which neither oxygen nor nitrate is present) such that phosphorus 
is released by the sludge mass to the bulk liquid. He proposed to produce this 
state efficiently by including an anaerobic re~ctor ahead of the primary anoxic (or 
pre-denitrification, pre-D) reactor in the Bardenpho process, this reactor receiv-
ing the influent flow and the underflow recycle from the secondary settling tanks, 
(Fig.2). This configuration has become known as the 5-stage Phoredox or simply as 
the Phoredox system. 
For design purposes the criterion for P release did not prove helpful because it 
gave no guidance as to when the release could be expected. Barnard (1976) pro-
posed that the anaerobic reactor be given a nominal retention time (mean daily flow/ 
anaerobic volume) of one hour presumably because, from his pilot scale studies, 
this retention time gave rise to P release and adequate P removals. 
To explain the excess removal phenomenon, Barnard in 1976 hypothesized that it is 
not the r.elease per se that stimulates the excess uptake mechanism but that the 
release indicates that a certain low redox potential has been established, i.e. 
that the low redox potential triggers off the release and thereby stimulates excess 
P uptake. In terms of this hypothesis nitrate recycled via the uaderflow to the 
anaerobic reactor will restrain, in some degree, the level to which the redox poten-
tial can be lowered and consequently, nitrate can be expected to influence excess P 
uptake adversely. However, apparently he accepted that the Phoredox process can 
always be designed to denitrify completely in which event the recycle will contain 
zero nitrate, and the redox potential in consequence will attain the required low 
value. No measurements of the redox potential were reported. 
Nicholls (1975) at full scale, and McLaren and Wood (1976) and Simpkins and McLaren 
(1978) at laboratory and pilot scale applied the Phoredox process at approximately 
20°C to treat effluents from Johannesburg and Pretoria, and were successful· in 
attaining excess P removal. They were also successful in obtaining excess removal 
in the Modified or 3-stage Phoredox (Fig.3) i.e. a Phoredox process without the 
post-denitrification (post-D) and reaeration reactors. Simpkins and McLaren found 
that (1) the anaerobic reactor was necessary for excess P removal, (2) nitrate in 
the recycle adversely affected P removal and (3) increasing the volume of the anae-
robic reactor increased the excess P removal. These findings were in conformity 
with Barnard's redox potential hypothesis although again no redox potential measure-
ments were taken. 
None of the investigations above provided a reliable model to predict the magnitude 
of the denitrification to be expected even though it was evident from their experi-
mental work.that for design, evaluation of the nitrate in the recycle would appear 
to be crucial in assessing the success of a process both in stimulation of the P 
release and magnitude of the P uptake. 
Marais and his group (Stern 1974, Martin 1975, Marsden 1976, Wilson 1976, with 
Marais) recognized the importance of quantitization of nitrate removal. In the 
Bardenpho process they replaced the completely mixed pre- and post-D reactors by 
plug flow reactors and, by measuring the nitrate along the reactor axes under con-
stant flow and load conditions, investigated the kinetics of denitrification. They 
found that: 
(1) In the pre-D reactor nitrate reduction took place in two consecutive linear 
phases; in the post-D reactor in a·single linear phase. They formulated the 
system reduction* of nitrate concentration, 6N, as follows: 
*System reduction - reduction in concentration relative to the influent flow; actual 
reduction - reduction in actual concentration between influent and effluent of a 
reactor. Suppose actual reduction, 6Na, takes place in a reactor with recycle 
with respect to base flow of r and base flow Q, the system reduction, 6N, is given 
by 6N.Q = Na.Q.(r+l). 
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6N = K1 Xa t + K2 Xa (R1-t) + K3 Xa R3 
(2) The reaction defined by Ki persisted only for 1 to 10 minutes (i.e. l<t<lO 
minutes) so that normally the reaction was complete well within the retention 
time R1 (2-3 hours) of the plug flow reactor; also, the reduction due to the 
K1 reaction was approximately proportional to the biodegradable influent COD, 
Sbi' and the system removal could be expressed adequately by 
6N = asbi + K2 xa R1 + K3 xa R3 (1) 
where 
= nominal retention time (h) 




= 0,03(1,20)(T-20) for T >14°C 
K2 = 0,0042(1,08)(T-20) for T >14°C 
= K3 for T <14°C 
K3 = 0,0032(1,03)(T-20) for 10°C<T<25°C 
X active mass concentration (mgVASS/£) . a 
6N = mgN03-N removed/£ of influent flow 
Sbi = biodegradable influent COD concentration 
a = 0,028 mgN03-N/mg biodegradable COD 
t = duration time of K1 reaction (h) 
(3) Equation (1) was found to apply provided the nitrate was not reduced to zero in 
one or both of the anoxic reactors. If, in a particular reactor, nitra~e was 
reduced to zero then by increasing the nitrate input to the reactor, (by increas-
ing the recycle for example), the system nitrate removal increased, the zero 
.nitrate point moved along the reactor axis towards the effluent end, until ni-
trate appeared in the effluent. Once this happened any further increase. in the 
recycle had no effect on the system nitrate removal. 
(4) The removal of nitrate could be increased by increasing the volumes of the an-
oxic reactors at the expense of the aerobic reactor volumes, i.e. increasing the 
unaerated sludge mass fraction of the system, but this fraction could not be 
increased ad Zib; if increased above some critical value nitrification ceased. 
The upper limit was found to be a function of the maximum specific growth rate 
of the nitrifiers at the process temperature, µnmT' and the sludge age, Rs· It 
was further o~served that µnmT appeared to differ for every waste flow investi-
gated. The µnmT was not measured directly but the relative magnitude of µnmT 
was evident by noting the maximum unaerated mass fraction that could be tolera-
ted before nitrification ceased. For example with one waste flow, nitrifica-
tion ceased at an unaerated mass fraction of 0,3 (at 14°C and Rs=20 days), 
whereas for another this occurred only at an unaerated mass fraction of 0,55. 
(5) To ensure that efficient nitrification takes place (>95 percent conversion of 
available TKN) it was necessary to increase the aerobic mass fraction to a value 
greater than the minimum that just allows nitrification; an increase of 25 per-
cent (Sf=l,25) in the aerobic sludge mass fraction calculated at the lowest 
process temperature expected will guarantee efficient nitrification throughout 
the temperature range even under cyclic flow conditions. 
The denitrification formulation, Eq.(l), although without any rational link to the 
activated sludge theory was found to provide a close description of nitrate removal 
in the Bardenpho process under constant flow and load conditions. The restriction 
on the unaerated mass fraction, (4) and (5) above, to satisfy the requirement of 
efficient nitrification, may result in insufficient anoxic sludge mass to guarantee 
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total nitrate removal. When total nitrate removal is not possi1le then, because 
K1 > K3 (for T >14°C) a consequence of Eq.(l) is that for maximum removal the post-
D reactor should be omitted and its volume added to the pre-D reactor - to give the 
modified Ludzack-Ettinger (MLE) configuration, Fig.4. Under these conditions the 
MLE configuration will produce a lower nitrate effluent than the equivalent 
Bardenpho. 
As part of the investigation into denitrification using the Bardenpho and MLE pro-
cesses, measurements on P release in the pre- and post-D reactors, and excess up-
take were taken. These results indicated that: 
(1) A pre-D reactor, irrespective of whether it is in an "anoxic" or "anaerobic" 
state*, always stimulated some excess P removal whereas a post-D reactor 
appeared to have virtually no effect. 
(2) Over periods of time excellent excess P removal was obtained with nitrate pres-
ent in the pre-D reactor, in which event the removal took place principally in 
the pre-D reactor. Over other periods P release was observed in the pre-D 
reactor with nitrate present in which event the excess uptake took place in the 
aerobic reactor. 
(3) Using the MLE process with anoxic mass fractions ranging from 0,07 to 0,33, 
under a constant a-recycle of 2, to give actual anoxic retention times, (volume 
of reactor/actual flow),ranging from 15 to 90 minutes, maximum excess P removal 
was attained at an actual anoxic retention time of about 30 minutes (anoxic mass 
fraction = 0,13) when the nitrate in the effluent from the anoxic reactor was 
14 mg/£! Excess system removal achieved was 8,2 mgP/£ for an influent COD of 
660 mg/£. When the anoxic mass fractions were increased above or decreased be-
low this optimal value the excess removal decreased concomitantly. 
The phosphorus removal response observed above is difficult to reconcile with the 
observations of Barnard, Nicholls, Simpkins and others reported earlier - all these 
investigators found that P release under anaerobic conditions was a prerequisite to 
excess uptake. Perhaps a different mechanism operated which has not yet been 
identified. 
The approach described above eventually was abandoned because (1) the process res-
ponse appeared to be rather unpredictable and, more important, (2) the small anoxic 
mass fractions apparently necessary to achieve high excess removal resulted in 
relatively inefficient nitrate removal. Because of the second reason principally 
the UCT group turned their attention to the P removal characteristics of the Phore-
dox process, (Rabinowitz and Marais, 1980). 
The basic configuration selected was the 3-stage Phoredox; it was selected in 
preference to the 5-stage for the following reason: The sewage source did not allow 
an unaerated mass reaction of greater than 40 percent at 14°C for a sludge age (Rs) 
of 20 days if. efficient nitrification was to be maintained; taking account of the 
fact that in the Phoredox process the anaerobic reactor cannot contribute its full 
denitrification potential for measured TKN/COD ratio of this waste. flow, the 5-stage 
process could not reduce the nitrate to zero. Consequently, as discussed earlier, 
the post-D reactor volume was added to the pre-D to obtain the maximum nitrate re-
*Anoxic; anaerobic: The meaning we will attach to these two terms, in nitrifica-
tion-denitrification processes, follows that originally used by Barnard, i.e. 
Anoxic: a state in which nitrate is present but no oxygen; Anaerobic: a state in 
which neither nitrate nor oxygen is present. The inadequacies of these defini-
.. tions is apparent when attempting to compare the state of two reactors of the same 
size in a completely mixed and a plug flow reactor respectively. A completely 
mixed anaerobic reactor, for example, will have no nitrate in the reactor and eff-
luent; the equivalent plug flow reactor however may contain nitrate for a consid-
erable portion of the reactor length i.e. be partly "anoxic", partly "anaerobic" -
the inadequacy arises in that no indication is given as to the intensity of the 
state. 
6 
moval and hence the minimum nitrate in the underflow recycle. 
this investigation can be summarized as follows: 
The findings from 
(1) When the nitrate concentration in the effluent (and underflow recycle) was low 
usually P release and excess uptake were observed. In general there was a 
tendency for the excess uptake to decrease quite disproportionately as the 
nitrate in the recycle increased, a behaviour also noted by Simpkins and 
McLaren and Barnard. 
(2) With different batches of sewage having the same nitrate concentration in the 
recycle, one batch may give high P release and excess removal whereas the next 
may give no (or little) release and little excess removal. No apparent reason 
for this behaviour could be-discovered. 
The overall P removal performance was disappointing; not only did the plant not 
remove P in excess over long periods of time but the removal was erratic due to the 
effects of (1) or (2) above, or both. Increasing the anaerobic mass fraction dur-
ing periods of low P removal was found to be counter-productive as this could be 
done only at the expense of the anoxic mass fraction which in turn gave rise 'to in-
creased nitrate in the recycle. 
After a year's endeavour, by the end of 1978 it was concluded that for the waste 
flows "from Cape Town, treatment by the Phoredox type process was not suitable for 
excess P removal; this did not imply that the process might not be suitable for 
other waste flows but the investigation. did bring to light that there were con-
straints, not adequately recognised before, that may prevent high P removals: 
(1) For any selected sludge age and minimum temperature the requirement for 
efficient nitrification imposes an UjJper limit on the unaerated mass f_raction. 
(2) The limitation on the unaerated mass fraction correspondingly limits the con-
centration of nitrate that can be removed. If the nitrate generated is higher 
than the denitrification achievable, nitrate will appear in the effluent and, 
in the Phoredox system, the P removal will be adversely affected. 
LATER DEVELOPMENTS 
University of Cape Town Process (UCT Process) 
From the findings on the Phoredox process it was clear that irrespective of other 
factors that may affect the excess P uptake, a major factor influencing the uptake 
is the presence of nitrate in the underflow recycle. If the nitrate content in 
the underflow to the reactor can be eliminated or kept at very low concentration, 
then there is a high expectation that excess P removal will be obtained. The 
principal obstacle to attaining this desirable end in the Phoredox process is that 
the nitrate discharged to the anaerobic reactor is linked directly to its concentra-
tion in the. effluent. If for any reason the nitrate concentration increases with 
the COD remaining constant, i.e. if the influent TKN/COD ratio increases, the pro-
cess offers little option to reduce this by operational means. The only operation-
al means available is to reduce the magnitude of the underflow recycle but this is 
a risky option as the settleability of the mixed liquor in the plants tends to be 
poorer than in pure aerobic systems. Evidently a process configuration is needed 
that makes the anaerobic reactor independent of the effluent nitrate concentration. 
Towards this end, after a series of attempts, the configuration shown in Fig.5 was 
devised called the University of Cape Town process (UCT process). 
In the UCT process, the settling tank underflow (s) recycle as well as the mixed 
liquor a-recycle are discharged to the anoxic reactor and an additional mixed 
liquor (r) recycle from the anoxic to the anaerobic reactor is introduced. The 
nitrate recycled to the anoxic reactor can be controlled by appropriately adjusting 
the mixed liquor a-recycle such that the nitrate concentration in the outflow of 
the anoxic reactor remains approximately zero. In consequence the mixed liquor 
r-recycle from the anoxic to the anaerobic reactor will contain very little or no 
nitrate and the.anaerobic condition in ~he anaerobic reactor will be optimal. 
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Thus, in the UCT process by application of an appropriate operational control 
strategy the anaerobic reactor can be maintained independent oj the nitrate in the 
effluent even if the TKN concentration to the plant varies. 
Laboratory scale tests on the UCT process showed irrnnediate improvement in excess p 
removal in both the concentration removed and the consistency in removal over those 
obtained in the Phoredox process. But perhaps the most important achievement, 
from a research point of view, was that with the UCT process it was now possible to 
eliminate the confounding effect of the nitrate in the recycle flow to the anaerobic 
reactor on excess P removal so that other factors influencing the excess removal 
could be investigated with greater ease. In the experimental response data the 
effects of these other factors now became clearly evident: 
(1) For the same influent COD, one batch of sewage gave high removals, another gave 
low, an observation previously surmised but not explicitly identified due to the 
difficulty of isolating this effect when nitrate was recycled to the anaerobic 
reactor. 
(2) Generally as the storage time of a batch of sewage (at 5°C) increased, both the 
excess P removal and the nitrate removal declined. Evidently on storage a 
progressive change was taking place in the constitution of the sewage which 
acted adversely on the two phenomena; direct evidence of change was indicated 
by the gradual reduction of COD of the batch during storage. 
Identification of the factors in the sewage that influenced P removal proved to be 
a long and tedious undertaking; any success eventually attained can be ascribed 
wholly to having available the general nitrification-denitrification kinetic acti-
vated sludge model. To describe the developments in excess P removal and inter 
aZia to give answers to the apparently erratic behaviour mentioned above, it is 
necessary to review briefly those aspects in the general theory that assisted in 
developing a solution. 
Denitrification Aspects 
A general aerobic kinetic model for the activated sludge process, including nitri-
fication, was presented by Dold, Ekama and Marais (1980). Van Haandel, Ekama and 
Marais (1981) extended the model to include the kinetics of denitrification. The 
extended model, when calibrated, was found to describe the response of the multi-
reactor nitrification-denitrification activated sludge process with unexpectedly 
good accuracy, under any cyclic influent flow and COD and TKN load patterns, both 
at laboratory, (van Haandel et al., 1981) and at full scale, (Nicholls, 1982). 
There are two basic aspects, inter aZia, in which this model differs from previous 
activated sludge models, (1) the influent COD, Sti• is divided into a number of 
fractions, unbiodegradable soluble, Susi = fus·Sti• unbiodegradable particulate 
Supi = fup·Sti and biodegradable Sbi = (1-fup-fus)Sti· The biodegradable fraction, 
Shi• in turn is subdivided into two fractions, (i) rapidly biodegradable soluble 
Sbsi = fbs·Sbi and (ii) slowly biodegradable particulate Sbpi = (1-fbs)Sbi· The 
two biodegradable fractions are metabolised by respective mechanisms that differ 
substantially, the rapidly biodegradable soluble fraction being absorbed directly 
and the slowly biodegradable particulate requiring adsorption and extra-cellular 
enzymatic breakdown prior to absorption, the two mechanisms being modelled by the 
Monod and the Levenspiel active-site type reaction rates respectively. (2) The 
classical synthesis-endogenous respiration approach to modelling bacterial growth 
kinetics is discarded in favour of a growth-death model. In this model only growth 
and death is recognized, no maintenance energy per se. On death the organism·lyses 
its energy in the form of slowly biodegradable particulate COD to the bulk liquid, 
to add to the energy entering the system via the influent flow. Recognition of 
the bi-substrate and growth-death hypotheses formed the basis for developing an in-
tegrated model to describe the process response under anaerobic, anoxic and aerobic 
conditions in the activated sludge process and eventually, formed the basis also 
for a heuristic quantitative description of the excess P removal phenomenon. 
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By means of the extended model, under constant flow and load conditions, the two 
phase behaviour of denitrification in the pre-D reactor and the single phase behav-
iour of denitrification in the post-D reactor could be accurately reproduced and it 
wa~ demonstrated that the first phase in the pre-D reactor is due solely to the 
rapidly biodegradable COD, the second phase in the pre-D and the single phase in 
the post-D reactors due to the slowly biodegradable particulate COD. In this 
fashion the formerly empiric relationship for denitrification, Eq.(l), was given a 
fundamental basis. From the behaviour of the general model it was possible also 
to develop simple equations to describe the nitrification behaviour in the multi-
reactor nitrification-denitrification system under constant flow and load conditions. 
The nitrification and denitrification behaviour as predicted by the simple equations 
were found to be very close to that predicted by the general model (van Haandel, 
Dold and Marais 1982). 
Using the simple nitrification and denitrification equations described above two 
mass parameters were developed which assist considerably in appreciating the behav-
iour of nitrification-denitrification systems, i.e. (1) the nitrification capacity 
which is the maximum mass concentration of nitrate (with respect to the influent) 
the aerobic reactors can generate, and (2) the denitrification potential which is 
the maximum mass of nitrate (with respect to the influent) an unaerated reactor can 
denitrify if nitrate is always present in the reactor and in the effluent fro~ the 
reactor. If insufficient nitrate is recycled to the unaerated reactor the full 
potential for denitrification cannot be developed and the denitrification perfor-
mance or denitrification capacity is less than the potential. 
The nitrification capacity and denitrification potential are dependent principally 
on the influent TKN and influent COD concentrations respectively. Consequently, 
the influent TKN/COD concentration ratio forms a rough relative measure of the ratio 
of the mass of nitrate produced to the mass of nitrate denitrified and its magnitude 
forms a useful reference parameter against which the nitrification-denitrif1cation 
behaviour of the various processes can be assessed. In evaluating the Bardenpho 
process, van Haandel et aZ., (1982) developed explicit equations which, for any 
selected wastewater characteristics (i.e .. µnm 20 , Tmax and Tmin• fup• fus and fbs) 
and process characteristics (i.e. sludge age Rs, sludge underflow s- and mixed 
liquor a-recycle ratios), give the maximum TKN/COD ratio*, the maximum unaerated 
sludge mass fraction (fxm) and the optimal division of fxm into pre- and post-D 
sludge mass fractions (fxl• fx3) for complete denitrification. By performing the 
calculation for a range of sludge ages and noting the upper limitation on fxm of 
0,50 (and some other minor ones), design curves can be drawn. Figure 7 gives 
examples of such curves for 14°C and 20°C; raw wastewater characteristics µnm20 
0,36(1,123)(T-20)/d, fup = 0,13, fus = 0,10 and fbs = 0,24 and process character-
istics s = 1, a = 2,4,6 and 8 at 20°C and 4 at 14°C and the factor of safety for 
nitrification Sf = 1,25. Figure 7 clearly illustrates the effect of sludge age on 
(i) the maximum TKN/COD ratio with which the Bardenpho process can achieve complete 
denitrification at the two temperatures, (ii) the maximum allowable unaerated sludge 
mass fraction (fxm), (iii) the division of fxm between the pre-D (fxl) and post-D 
(fx3) reactors, and (iv) the effect of different a-recycle ratios. Note that the 
maximum TKN/COD ratio is not increased very much by increasing the a-recycle ratio 
above 4. 
Selection of a Bardenpho process is indicated only if a horizontal line drawn at 
the expected influent TKN/COD intersects the TKN/COD vs Rs curve for complete 
denitrification, for the lowest temperature expected, in which event the inter-
section point defines the minimum sludge age to be used. If no intersection 
occurs the Bardenpho process cannot achieve complete denitrification and the MLE 
process should be selected. When a Bardenpho process is possible, the sludge age 
should be chosen longer than the indicated minimum to provide greater security in 
achieving complete denitrification. 
*The TKN/COD ratio is not calculated directly but derived by a very close approxiraa-
tion from the (nitrification capacity)/(biodegradable COD) ratio. 
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Fig.7. Maximum influent TKN/COD ratio, maximum unaerated sludge mass 
9 
fraction fxm' pre-D and post-D sludge mass fractions (fx1, fx3) 
respectively versus sludge age for the Bardenpho 4 stage 
nitrification-d2nitrification pro~esses operating between 14°C 
and 20°C at mixed liquor a-recycle ratios of 2,4,6 and 8. 
(µnm20 = 0,36/d, µnml4 = 0,18/d, Sf 1,25, s=l, fxmmax.= 0,50, 
raw wastewater with fus = 0,10, fup = 0,13 and fbs = 0,24). 
It should be noted in Fig.7 that there is a maximum sludge age (Rs
0
) beyond which 
the maximum TKN/COD ratio for complete denitrification does not increase, i.e. about 
28 days (for the sewage characteristic, etc. in the plot) at which the maximum TKN/ 
COD ratio is 0,10 mgN/mgCOD. This ~aximum occurs when fxm has reached its limit 
of 0,50. .Hence to achieve complete denitrification for TKN/COD ratios of 0,10 mgN/ 
mgCOD requires very long sludge ages, which makes the process volume per unit COD 
load very large. If the sludge age is restricted to say 20 days for economic 
reasons, the maximum TKN/COD ratio with which complete denitrification can be 
achieved reduces to 0,09 mgN/mgCOD at 14°C.(Fig.7). 
Phoredox Process Analysis 
Siebritz, Ekama and Marais (1980) extended the analysis of the Bardenpho process 
described above to the Phoredox process. In this process, a certain fraction (fxa) 
of the total unaerated sludge mass fraction (fxt) is "set aside" as an anaerobic 
reactor to establish the prerequisites for excess phosphorus removal. Only the 
remaining unaerated sludge mass fraction (fxt-fxa) is available as pre- and post-D 
reactors for nitrogen removal. If no nitrate is to be recycled to the anaerobic 
reactor (to ensure the most "intense" anaerobic condition) then complete denitrifi-
cation must be achieved in the anoxic sludge mass fraction (fxt-fxa). The denitri-
fication behaviour of the anoxic reactors in the Phoredox process for complete 
denitrification is the same as those in the Bardenpho process for complete denitri-
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f ication. However for the same fxt, the Phoredox process has less anoxic sludge 
mass available for denitrification than the Bardenpho process due to the presence 
of the anaerobic reactor. Hence, to obtain complete denitrification in the Phore-
dox process, the maximum TKN/COD ratio necessarily must be lower than that for com-
plete denitrification in the Bardenpho process. By extending the example of the 
Bardenpho process given above (Fig.7) to the Phoredox process with fxa = 0,15, a 
maximum TKN/COD ratio of 0,09 mgN/mgCOD is found for 28 days sludge age and 0,08 
mgN/mgCOD for 20 days sludge age, both at 14°C. If the TKN/COD ratio of the in-
fluent to a Phoredox process exceeds these limits, complete denitrification is un-
likely to be obtained, resulting in nitrate in the effluent and underflow s-recycle; 
nitrate discharged to the anaerobic reactor via the s-recycle will cause a decline 
in P removal. From a design point of view, the TKN/COD ratio limits should be re-
duced to provide a factor of safety for denitrification, in which event the limits 
are probably nearer 0,07 to 0,08 mgN/mgCOD for sludge ages of 20 and 30 days at 14°C 
respectively. 
The upper limit of the TKN/COD ratio of 0,07 to 0,08 mgN/mgCOD for successful op-
eration of the Phoredox process severely restricts application of the process in 
the treatment of municipal wastewaters because the influent TKN/COD ratios of raw 
wastewaters range between 0,07 to 0,09 mgN/mgCOD, and of settled wastewaters 
generally are.greater than 0,10 mgN/mgCOD. 
UCT Process Analysis 
An analysis of the UCT process showed that for this process also there is an upper 
limit to the TKN/COD ratio for excess P removal. At a TKN/COD ratio of about 0,14 
mgN/mgCOD (at 14°C and 25 days sludge age) the nitrate concentration in the eff-
luent and hence in the underflow s-recycle (s=l) is so high that this recycle by 
itself fully loads the anoxic reactor to its denitrification potential, i.e. the 
mixed liquor a-recycle needs to be reduced to zero. Hence at TKN/COD ratios >0,14 
mgN/mgCOD, nitrate will be present in the pre-D reactor, and the discharge of 
nitrate to the anaerobic reactor cannot be avoided leading to a decline in excess 
P removal. However the 0,14 mgN/mgCOD TKN/COD ratio limit for the UCT process is 
considerably higher than 0,08 mgN/mgCOD limit for the Phoredox process and is above 
that for most settled and raw municipal wastewaters which generally range between 
0,07 to 0,11 mgN/mgCOD. 
Modified UCT Process 
Experience with the UCT process brought to light a different type of problem that 
could greatly affect the successful operation of the process. In the process, as 
the TKN/COD ratio increases, the a-recycle ratio needs to be reduced to avoid 
nitrate discharge to the anaerobic reactor. A reduction in the a-recycle ratio 
causes an increase in the actual anoxic retention time. It was found that for 
high influent COD concentrations (>500 mgCOD/£) and TKN/COD ratios >0,11 mgN/mgCOD, 
the actual anoxic retention time was greater than 1 hour. From experimental res-
ults, there are strong indications that when the actual anoxic retention time in-
creases above about 1 hour, the settleability of the mixed liquor sharply declines.* 
One now faces a situation in which the process will operate satisfactorily with 
respect to P removal but may fail due to settleability problems, or if the second-
ary settling tanks are designed to cope with the poor settling sludge, inordinately 
large settling tanks will be required. Consequently, in design to preserve good 
settleability, an upper limit of 1 hour must be imposed on the actual anoxic 
retention time. This limitation creates a conflict between good P removal and 
good settleability for TKN/COD ratios >0,10 to 0,11 mgN/mgCOD (depending on the COD 
strength of the wastewater) because the former demands a low a-recycle ratio and 
the latter a high one. The problem was overcome by making a modification to the 
UCT process. 
*For reasons not yet understood the anaerobic retention time, both nominal and 
actual does not appear to affect the settleability of the sludge. 
11 
In the modified UCT process (Fig 6), the anoxic is subdivided into two parts, the 
first having a sludge mass fraction of 0,07 to 0,10 (depending on the influent COD 
concentration) and the second having the balance of the anoxic sludge mass fraction 
available. The first anoxic reactor receives the underflow s-recycle and the r-
recycle to the anaerobic reactor is taken from it. The second anoxic reactor 
receives the a-recycle. This process allows operation of a-recycle ratios result-
ing in actual anoxic retention times less than 1 hour while ensuring a nitrate free 
discharge to the anaerobic reactor. An added advantage of this process over the 
UCT process is that it obviates the need for careful control of the a-recycle ratio 
to ensure a nitrate free discharge to the anaerobic reactor. 
Application of the modified UCT process gave the most consistent P removal and the 
best settleability of all the processes investigated, but the improvements are 
obtained at a cost: the maximum TKN/COD ratio to give a zero nitrate discharge to 
the anaerobic reactor is reduced from 0,14 mgN/mgCOD in the UCT process to 0,11 mgN/ 
mgCOD in the modified UCT process. However a TKN/COD ratio of 0,11 mgN/mgCOD 
includes most settled and raw municipal wastewaters. Furthermore, by making pro-
vision that the r-recycle can be taken from either the first or second anoxic 
reactor, the process can be operated either as a modified UCT or a UCT process as 
may be required. 
The developments that have been described so far were all guided by the hypothesis 
that excess P removal is stimulated, and is best achieved, by having an anaerobic 
reactor and that it is optimized by preventing nitrate from entering the reactor. 
No information has been put forward to quantify firstly, the conditions in the 
anaerobic reactor that cause the stimulation and, secondly, the magnitude of the 
excess P removal to be expected. The rest of this paper will be concerned with 
these two aspects.' 
PREREQUISITES FOR EXCESS PHOSPHORUS REMOVAL 
The imp~o ed understanding of the nitrogen removal process behaviour led to a new 
approac n investigating the prerequisites in the anaerobic reactor for excess 
phosphoru removal. Ekama, van Haandel and Marais (1979) hypothesized that if the 
mass of trate entering an unaerated reactor is less than that reactor's denitri-
fication potential, the difference defines an "anaerobic capacity" in the reactor. 
They speculated that this anaerobic capacity could substitute for the redox poten-
tial level (suggested by Barnard, 1976) as a measure for predicting when phosphorus 
release takes place in the anaerobic reactor. Siebritz, et al. (1980) intensively 
investigated this hypothesis. They plotted the P release in the anaerobic reactor, 
the P uptake in the aerobic reactor and the system P removal versus the anaerobic 
capacity (Ac) for data from UCT and modified Phoredox processes (Fig.8). This 
plot shows that (i) if Ac < 10 mgN03-N/£, no P release in the anaerobic reactor is 
obtained; in fact, P uptake is noted, (ii) when Ac > 10 mgN03-N/£, P release is 
obtained, and (iii) as Ac increases above 10 mgN03-N/£ so the P release in the 
anaerobic reactor, the P uptake in the aerobic reactor and the system P removal 
increase. 
The data in Fig.8 appeared to support the anaerobic capacity hypothesis. Conse-
quently if the anaerobic hypothesis is correct, then provided this capacity can be 
induced in any system other than the UCT and Phoredox processes, P release and up-
take should be observed. 
To test the ab"ove conclusion experimentally, three Modified Ludzack-Ettinger (MLE) 
processes (Fig 4) and a modified UCT process were set up and fed from the same 
wastewater source. The three MLE units were given unaerated sludge mass fractions 
of 40, 55 and 70 percent respectively and the mixed liquor a-recycle ratios were 
set such that the anaerobic capacities ranged from 6 to 35 mgN03-N/£ in the anoxic 
reactors. Over two months of operation no P release nor excess P removal were ob-
served in any of the MLE units. In contrast, the modified UCT process with a 0,10 
anaerobic sludge mass fraction, consistently gave P release and excess P removal. 
It was concluded from these results that the anaerobic capacity hypothesis is not 
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Fig.8. P release in the anaerobic reactor, process P uptake and 
process P removal versus the anaerobic capacity of the 
anaerobic reactor (Ac) for-the modified Phoredox and UCT 
processes. 
sustained. 
In seeking an explanation for the different P release behavioural patterns 'in the 
modified UCT and MLE processes, it was noted that the only evident difference lay 
in the concentration of rapidly biodegradable COD surrounding the organisms in the 
anaerobic reactor (Sbsa>· In the modified UCT process the rapidly biodegradable 
COD concentration in the anaerobic reactor (Sbsa) is the maximum possible as no 
nitrate is recycled to the anaerobic reactor; in contrast, in the MLE process 
sufficient nitrate is recycled to the anoxic reactor to utilize all the iapidly 
biodegradable COD i.e. Sbsa = 0,0. Therefore the different behavioural patterns 
of the processes would be consistently described if it is assumed that the concen-
tration of rapidly biodegradable COD in the anaerobic reactor (Sbsa) surrounding 
the organisms is the key parameter determining whether or not P release and excess 
P uptake takes place. 
To test the assumption above, it was necessary to develop a general equation by 
means of which Sbsa can be calculated: 
Consider the anaerobic reactor in the UCT process, 
Sb = (fb Sb. - 6Sb )/(l+r) (mgCOD/£) sa s 1 s (2) 
The term Sbs is the concentration of rapidly biodegradable COD utilized for syn-
thesis of cell material with nitrate (introduced via the r-recycle) and dissolved 
oxygen (introduced via the influent) serving as terminal electron acceptors. Be-
cause 8,6 mgCOD are utilized with the removal of 1 mgN03-N (van Haandel, Ekama and 
Marais, 1981) and 3,0 mgCOD with 1 mgO. (Marais and Ekama, 1976), 6Sbs can be ex-
pressed in terms of the nitrate in the r-recycle, Nnr• and the D.O. in the influent 
(di) and r-recycle (dr), i.e. 
6Sb = 8,6.r.N + 3,0 (d.+r.d ) 
s nr i. r 
(3) 
Equations (2 and 3) can be easily adapted for the other processes by giving due con-
sideration to the recycles and flows discharged to the anaerobic reactor. 
The calculation of Sbsa fortunately was possible because once the importance of the 
influent rapidly biodegradable COD fraction {fbs) was recognized from the work on 
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Fig.9. P release in the anaerobic reactor, process P uptake and 
process P removal versus rapidly biodegradable COD concen-
tration in the anaerobic (Sbsa) for the modified Phoredox 
and UCT processes. 
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denitrification, it became standard experimental procedure to measure or determine 
almost daily, fbs, fus' fup' Sti' Nnr' d:~ and di. Consequently Eqs. (2 and 3) were 
applied to the data used to plot Fig.8 and replotted in Fig.9 with Sbsa on the hori-
zontal axis instead of the anaerobic capacity. From Fig.9 the following conclus-
ions were drawn: 
1) The minimum rapidly biodegradable COD concentration in the anaerobic reactor 
(Sbsa) to stimulate phosphorus release in the reactor is about 25 mgCOD/£. 
2) The degree of P release appears to increase as Sbsa increases above 25 mgCOD/£, 
i.e. P release increases as (Sbsa-25) increases. 
3) Excess phosphorus uptake is obtained only when phosphorus release takes place, 
and tends to increase with (Sbsa-25). 
The plots in Figs.8 and 9 show a striking similarity but on closer inspection, this 
similarity is more apparent than real. The similarity is there only for the UCT 
and Phoredox data: for these processes, the two sets of data fall in approximately 
the same position relative to the coordinate axes. This is so because in these 
processes, the principal contributor to Ac is the rapidly biodegradable COD in the 
influent, Sbsi - the contribution by the slowly biodegradable influent COD Sbpi is 
very small owing to the relatively small anaerobic sludge mass fractions (fxa ) -
so that Ac and Sbsa are essentially equivalent parameters. In contrast, in the 
MLE process, the influent rapidly biodegradable COD Sbsi will have been completely 
utilized by the nitrate entering the anoxic reactor, i.e. Sbsa = 0. Nevertheless 
high Ac values are obtained from the Sbpi contribution because the unaerated sludge 
mass fractions are large. Consequently for the MLE process, there is no relation-
ship between Sbsa and Ac. Hence in Fig.8, the MLE data fall in the right hand 
side of the plot (i.e. Ac >10 mgN03-M/£) whereas in Fig.9 they will fall in the 
left hand side of the plot (i.e. Sbsa = 0). Consequently, the MLE behaviour is in-
correctly predicted by the Ac hypothesis (Fig.8) but correctly predicted by the 
Sbsa hypothesis (Fig.9). These results allow the following statement to be made: 
A prerequisite for P release in the anaerobic reactor is that the concentration of 
rapidly biodegradable COD surrounding the organisms in the anaerobic reactor must 
exceed approximately 25 mgCOD/£. 
MAGNITUDE OF EXCESS PHOSPHORUS REMOVAL 
14 
A prerequisite for P release was stated above. However, the magnitudes of the P 
release and subsequent uptake and removal were not explicitly defined, once the pre-
requisite was satisfied. For this purpose an extensive and intensive investigation 
was inaugurated utilizing the UCT and modified UCT configurations. Series of tests 
were done under constant flow and load conditions: (1) at 14°C and 20°C, (2) using 
raw wastewater influents with COD's of 800, 500 and 300 mg/£, and (3) varying the 
r-recycle and anaerobic mass fraction. In all the investigations the influent 
wastewater characteristics, i.e. COD, TKN, total P and rapidly biodegradable COD 
fraction fbs, and filtered TKN, NH4+, N03- and total P in the process reactors were 
measured daily. In addition, all the normal parameters such as MLVSS, oxygen 
utilization rate, stirred settling velocity, pH and alkalinity were measured at 
regular intervals. 
An analysis of these data* indicated that provided Sbsa >25 mgCOD/£, 
1) for fixed r-recycle ratio and influent COD, increasing the volume of the anaero-
bic reactor (at the expense of the other reactor volumes) tended to increase P 
release and the P removal, 
2) for fixed r-recycle ratio and anaerobic reactor volume, an increase in influent 
COD concentration tended to increase the P release and the P removal. 
Although the trends stated above were evident it was not possible to identify a 
consistent behavioural pattern and it was concluded that the basic parameters had 
not been properly identified or isolated. In part, this was due to the inter-
active effects between the different parameters, for example, increasing the r-
recycle ratio, (i) increases the mass o( sludge passing through the anaerobic 
reactor, (ii) decreases the time the sludge is retained in the anaerobic reactor, 
(iii) increases the concentration of sludge in the reactor, and (iv) decreases the 
concentration of Sbsa in the anaerobic reactor (even if no nitrate is present in 
the r-recycle). With so many associated changes it was difficult to see directly 
which parameters are the significant ones. It was decided, therefore, to investi-
gate the system theoretically on the basis of the perceived and hypothesized be-
haviour. 
Consideration of the P release in the anaerobic reactor indicated that the magni-
tude of the release was not a consistent parameter; experimental P release data 
showed that the release at any particular time depended on the P removal perform-
ance prior to the time the test was taken. If, for example, the prior removal 
was low the P release observed also was low; as the removal increased so in time 
the release did likewise and vice versa. For this reason the P release per se, 
was not incorporated in the analysis and attention was focussed on the excess P 
removal; here the following behavioural pattern was hypothesized based on the 
observed behaviour, 
1) Excess P removal 1s obtained only when Sbsa >25 mgCOD/£. 
2) As Sbsa increases above 25 mgCOD/£, so the P removal increases. 
3) The longer the actual anaerobic retention (Ran), the higher the P removal. 
4) The larger the mass of sludge recycled through the anaerobic reactor, the 
higher the P removal. 
Scrutiny of (4) above showed that it could be transformed to a more useful equival-
ent, 
4) The greater the mass of sludge recycled through the anaerobic reactor each day 
expressed as a fraction of the mass of sludge in the process, n, the higher 
the P removal. 
The statements (2) and (4) above do not give an explicit quantitative expression of 
*Detailed description of the experimental investigation will be published in a 
later publication. 
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the expected behaviour. To obtain such an expression an hypothesis on the expect-
ed behavioural pattern of (2) to (4) has to be made. An hypothesis consistent 
with the observations is: 
"When any one of the factors (Sbsa-25), Ran' or n, is zero, excess phosphorus 
removal will be zero." 
From this hypothesis, the simplest form of an equation expressing the tendency of 
a process to achieve excess P removal is 
Pf= (Sb -25).R .n sa an 
(4) 
where 
Pf = excess phosphorus removal propensity factor. 
If Pf as defined above describes the observed behaviour of the three parameters, 
then the P removal due to excess uptake (6Pu) should be a function of Pf, i.e. 
(5) 
Equation (4) can be expressed in terms of the process configuration and operational 




= v I { Q 0 +r) } 
an 
(rQ.X ) I (V X) ax t 
From a sludge mass balance around the anaerobic reactor it follows that 
X = (l+r) X 
ax r an 
The anaerobic sludge mass fraction, fxa' is given by 
f = (X .V )/(X.V ) 
xa an an t 
= (X • f ) /X an xav 
where 
-
X = mean sludge concentration in process 
(X .V + X .V + X .V )/V an an ax ax ae ae t 
i.e. xan = x.<fxa1fxav) 
Substituting Eq.10 into Eq.8 and Eq.8 into Eq.7; 
n 
f 
l+r xa - - { 





Multiplying Eq.11 by LHS and RHS of Eq.6 
f 1 
v 
nR = {Q(r+l) xa} an f 
an f Vt "Q(r+l) xa xav 
Substituting fxa for nRan in Eq.4 









Hence the propensity to give excess phosphorus removal appears to be a function 
only of the magnitude of Sbsa above 25 mgCOD/f and the magnitude of the anaerobic 
sludge mass fraction. 
Equation 12 can be shown to hold also for the Phoredox type processes. 
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Fig.10. Coefficient of excess P removal (y) versus P removal pro-
pensity factor (Pf) observed in the modified Phoredox, 
UCT and modified UCT processes at different anaerobic 
sludge mass fractions (fxa), influ~nt COD concentrations 
and temperatures. 
QUANTITATIVE MODEL OF EXCESS PHOSPHORUS REMOVAL 
As excess P removal is accepted to be a biological activity, it can be assumed 
that, (i) only the active fraction of the sludge can take up phosphorus in excess, 
(ii) the phosphorus removal will increase as the proportion of phosphorus in the 
active mass increases, and (iii) the proportion of phosphorus in the inert frac-
tions of the sludge will remain unchanged. Accepting these assumptions, Martin 
and Marais (1975) developed the following equation for phosphorus removal based on 
the steady state activated sludge process model presented by Marais and Ekama (1976): 
!::.P 
s 
(1-f -f )Y f f 
S { us up h (y+f f b R ) + p up} 
ti (1 +bhTRs) p hT s Pv 
(14) 
With the aid of Eqs.2 and 3, 13 and 14, the coefficient of excess phosphorus re-
moval and the propensity factor Pf were calculated for daily sets of experimental 
data* measured over a period of 18 months. In calculating the daily y and Pf 
data pairs~ those data for which there were known causes that may have adversely 
or favourably influenced the process behaviour were discarded~* The remaining 
daily y and Pf data pairs are shown plotted in Fig.10. 
The data in Fig.10 shows considerable scatter although a definite trend is discern-
able. The scatter is due mainly to the selection of the data values in the 
* The rapidly biodegradable COD fraction fbs in the influent was measured in accord-
ance with the procedure developed by Ekama and Marais (1978) as follows: A single 
completely mixed aerobic activated sludge unit is operated at 2,5 days sludge age. 
The wastewater is fed in a daily cyclic square wave loading pattern (12 hours on, 
12 hours off). By measuring the precipitous decrease in oxygen consumption rate 
over the period of feed termination, the fbs fraction can be readily ascertained. 
** 
It was found that after a disruption of the process due to a mechanical breakdown, 
or a change in influent sewage characteristics or process parameter, the process 
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Fig.11. Left, daily experimental data of influent COD, TKN and 
rapidly biodegradable COD concentrations and nitrate con-
centrations in the effluent and the recycle to the anaero-
bic reactor and right the measured and predicted phosphorus 
removal for a modified UCT process with the following . 
sludge mass fractions; anaerobic 0,10, first anoxic 0,08, 


































calculation of Pf: The fbs' nitrate and P removal values used in the calculations 
were all measured on the same day, i.e. the assumption was made that the response 
of Y to Pf is instantaneous. This, in fact, is not so; due to the long hold up 
time in the system it was repeatedly observed that the p removal response is out of 
phase with the input by some fraction of a day. (This is apparent in Fig.12 which 
records the observed and predicted P removal in one set of experiments). 
Accepting the inevitable large scatter, the form of the relationship and the con-
straints on the y-Pf relationship were derived as follows: From Fig.9 apparently 
> 
i) there is an upper limit to y, of about 0,35 at very high propensity factors, 
ii) there is a lower limit to y of about 0,06 at a propensity factor of zero, 
iii) for propensity factors ranging from infinity to zero the maximum change in 
is (0,35-0,06) = 0,29 and the decrease in y with decrease in Pf appears to be 
of an exponential form. 
On the basis of the above the following expression was chosen to represent the 
trend in the plotted data 
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Fig.12. Response of a laboratory scale UCT process at 14°C, 
.Anaerobic mass fractipn = 0,15, Anoxic mass fraction 
0,30. Aerobic mass fraction 0,55, Sludge age 20 days, 
treating unsettled flow from Mitchell's Plain. 
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The value of C was found by a least square analysis of the differences between the 
measured and predicted phosphorus removals and found to be equal to -0,242, i.e. 
y = 0,35-0,29.exp(-0,242 Pf) (mgP/mgVASS) (16) 
To check the predictive capacity of Eq.16, it was applied to the daily Pf data in 
all the five sets of experiments on the modified UCT, UCT and Phoredox processes 
in which Sbsi and the nitrate in the recycles were measured. (As stated above 
these sets of data covered influent COD values from 300 to 800 mg/£ at 14° and 20°c 
under a variety of TKN/COD ratios, anaerobic mass fractions from 0,10 to 0,20 and 
sludge ages 14 :to 25 days. As an illustration two sets of data are shown in Figs. 
11 and 12 together with the predicted P removal values. Evidently the model gives 
a good prediction of the observed P removal. In Fig.11, the pronounced favourable 
effect of an increase in the rapidly biodegradable COD concentration (Sbsi) on the 
P removal, and in Fig.12 the depressing effect of nitrate in the recycle to the 
anaerobic reactor, is clearly illustrated. 
The theory was tested additionally by feeding extra rapidly biodegradable COD to 
the anaerobic reactor, acetate and glucose. Taking due account of the increased 
COD, again the predictions of P removal were in satisfactory correlation with those 
observed. 
While doing a biodegradability investigation of the waste flow from the town of 
Caledon in South Africa, unexpected verification of the theory was obtained. The 
process configuration was a Modified Ludzack-Ettinger process (Fig.4) with an 
anoxic sludge mass fraction of 0,30 operated at 20 days sludge age, at 20°C, and 
with a mixed liquor (a) and an underflow (s) recycle ratio of 4:1 and 1:1 respect-
ively. The wasteflow contained an industrial fraction (from a malting factory) 
constituting approximately 2/3 of the total COD load. The influent COD and TKN 
strengths were 1300 mg/£ and 70 mgN/£ respectively. It was found that the malt-
ing waste was virtually completely rapidly biodegradable resulting in a very high 
rapidly biodegradable COD fraction (fbs) and concentration (Sbsi), 0,70 and 980 
mgCOD/£ respectively. Taking due account of the diluting effect of the total 
recycle flow of 5 and the reduction of the rapidly biodegradable COD in the "anoxic" 
reactor by the nitrate discharged in the recycle flows (nitrification was complete, 
effluent TKN = 4 mgN/£) the rapidly biodegradable COD concentration in the "anoxic" 
reactor (Sbsa) was estimated at 101 rngCOD/£, the propensity factor (Pf) at 22,9 
(Eq.13), they coefficient at 0,35 (Eq.15) to give an estimated P removal of 
31 mgP/£ influent (Eq.14 with fus = 0,05 and fup = 0,06). The observed P removal 
was 29 mgP/£. The results of this experiment should be contrasted with those 
discussed earlier on the Modified Ludzack-Ettinger processes. In these processes, 
no excess P removal was observed or predicted, even though the anoxic mass fraction 
was as high as 0,70, principally because the rapidly biodegradable COD concentration 
in the influent (Sbsi) was low and completely utilized in the anoxic reactor by the 
nitrate·recycled to this reactor. Clearly if sufficient Sbsi is available and the 
TKN not excessive, it is possible to obtain high P removals even though the nitrate 
recycled to the anaerobic reactor is high, without having to resort to Phoredox or 
UCT configurations, provided the conditions for P release are satisfied as set out 
in this paper. 
At full scale Nicholls (1982) tested the predictive power of the general nitrifica-
tion-denitrification model on the Goudkoppies 5-stage Phoredox plant receiving an 
effluent that had passed through primary settling.and then through an equalization 
tank. The P removal behaviour of the plant was also monitored by measuring P con-
ditions in the anaerobic and aerobic reactors and in the effluent. To evaluate 
both the model and P removal theory, inter alia the rapidly biodegradable COD in the 
influent discharged to the process (Sbsi) was measured, as described by Dold, Ekama 
and Marais (1980). The Sbsi was found to be very low due to its utilization by an 
anaerobic sludge layer that formed on the bottom of the unsti~red equalization 
tank. In terms of the theory set out here the Sbsi was so low that with the 1:1 
underflow recycle from the secondary settling tank to the anaerobic reactor, even 
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if no nitrate was present in the recycle, Sbsa would be less than 25 mg/£ and con-
sequently no excess P removal was to be expected, and, virtually no excess removal 
was observed for the plant. Measurements of Sbsi on the influent to the equaliza-
tion tank however indicated that the Sbsi was sufficiently high that, if the 
equalization tank was bypassed, excess P removal was theoretically possible provi-
ded the nitrate in the underflow recycle to the anaerobic reactor could be main-
tained at less than 5 mgN/£. Now at this point a computer-based equalization 
control strategy was implemented on the equalization tank (Dold, Buhr and Marais, 
1982). and operated in such a fashion that any settled material was flushed daily 
from the tank. The flushing action prevented build-up of a sludge layer and 
effectively eliminated the loss of Sbsi in the tank. The process recycles in the 
plant were changed in accordance with those predicted by the general model to 
achieve maximum nitrate removal. As this removal was still insufficient to reduce 
the nitrate in the underflow recycle to less than 5 mgN/£, the aerators next to the 
discharge points from the primary anoxic reactor were switched off, thereby 
effectively increasing the anoxic zone and further reducing the nitrate in the 
effluent. (Sufficient aerator capacity was available in the rest of the aeration 
basin not to affect the nitrification efficiency). In this fashion the nitrate 
was kept between 3 and 5 mgN/£ in the effluent and the underflow recycle. Under 
these conditions the predicted P removal was 4 to 5 mgP/£ influent; observed mean 
removal was 5 mgP/£. The results from this investigation are particularly in-
structive because they verified that no P removal is achievable if Sbsi is too low, 
or, where Sbsi is sufficiently high although the potential for removal is there, it 
will not be possible to realise this potential if nitrate in the anaerobic recycle 
is so high that it reduces the Sbsa concentration to below the critical level. 
When investigating p removal behaviour in laboratory scale processes, batches of 
sewage usually are obtained from the outfall sewer and stored at 5°C for subsequent 
feed to the laboratory process units. Often it will be noticed that with time the 
magnitudes of denitrification and P removal decline while feeding from the same raw 
sewage batch. Measurement of the rapidly biodegradable COD fraction of the daily_ 
feed taken from the cold storage batch has indicated that normally there is a slow 
continuous loss of this fraction. Theoretically the model accounts for the reduc-
tion in denitrification and P removal observed. Hence, batches should not be 
stored longer than about one to one and a half weeks and the Sbsi in the feed 
should be measured daily. Furthermore, by monitoring the Sbsi on a routine basis., 
changes in Sbsi between batches are picked up that explain the "erratic" P removal 
behaviour noted earlier between different batches of wastewater. Also, it is 
vitally important that the tanker transporting the batch to the laboratory and the 
cold storage tank are thoroughly cleaned between batches otherwise hydrogen sulfide 
generation and rapid loss of Sbsi will be encountered. High hydrogen sulfide con-
centration in the feed to a process can have severe adverse effects on the process 
response~ 
Reviewing the model in its entirety, it would appear that the P removal model gives 
predictions very consistent with those observed. This does not imply in any 
manner that the model has achieved finality; findings on the biochemical mechanism 
discussed by Marais et al. (1982) provide new directions for research and these may 
significantly modify the parametric model proposed here. 
IMPLICATIONS OF THE PHOSPHORUS REMOVAL THEORY 
Lack of space limits detailed discussion of all the aspects and implications of 
the P removal theory developed above. However brief mention of the following is 
merited: 
(1) The magnitude of P removal per unit influent COD declines as the influent COD 
decreases. The main reason for this is that the concentration of rapidly 
biodegradable COD concentration, Sbsi, decreased concomitantly with decrease 
in total influent COD concentration. For raw municipal wastewater the fraction 
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of rapidly biodegradable COD (Sbsi) with respect to the total COD (Sti) is 
about 0,2; consequently, when Sti decreases to about 250 mg/£, Sbsi decreases 
to 50 mg/£ so that for r = 1, even if no nitrate is recycled to the anaerobic 
reactor, Sbsa = 25 mg/£, hence, (Sbsa-25)~0, and no excess removal can be ex-
pected (y~0,06). Generally (for Sti>250) as Sti increases so the P removal 
per unit influent COD increases and the removal becomes less sensitive to ex-
ternal factors. Because Pf (and hence y) is dependent on both (Sbsa-25) and 
fxa, P removal for any particular (Sbsa-25) can be improved by increasing the 
anaerobic sludge mass fraction fxa· This often is necessary for low Sti· 
Values of fxa up to 0,2 have been tested. However as fxa increases so nitrate 
removal reduces unit per influent COD. The reason for this is that the total 
unaerated mass fraction (fxt) is limited to 0,5 so that an increase in fxa 
necessarily must reduce the anoxic mass fraction. 
(2) Any practice that reduces Sbsi should be avoided. For example, recycling of 
excess underflow liquor to a point prior to the primary settling tank, to · 
improve settleability,is to be avoided as any oxygen present in the influent, 
introduced by say archimedian screw pumps, will cause that the Sbsi be reduced 
by an amount equal to 3 times the oxygen introduced (see Eq.3). Conversely, 
any practice that increases Sbsi will improve P removal. For example, the 
Johannesburg City Council has augmented Sbsi as follows: the primary settling 
tank underflow is digested at very short sludge ages to produce fatty acids, 
the digested mixed liquor is settled and the fatty acid rich supernatant is fed 
to the P removal plant. The principal fatty acid produced is acetic acid -
which is a most rapidly biodegradable COD source; this raises the Sbsi value 
of the influent and consequently will raise the magnitude of excess P removal. 
This innovation holds promise by providing a means to extend the P removal con-
trol over the plant, particularly where high P removal per unit influent COD 
is needed and when this removal is not attainable using the raw influent sewage 
as the only source of rapidly biodegradable COD. 
(3) Cyclic flow and load conditions do not appear to affect the mean daily excess 
P removal, in fact, the removal often is improved, particularly under low 
average influent COD conditions. The reason for this improvement is that under 
the cyclic conditions (wich constant recycle flows) during the peak periods the 
peak COD is higher than the daily mean causing a higher (Sbsa-25) condition and 
hence higher P removals during the associated high flow period. However, under 
cyclic flow conditions the oxygen concentration in the aerobic reactor must be 
closely controlled; too high D.O. concentration reduces the nitrate removal 
whereas too low concentration may inhibit nitrification and adversely affect 
settling. The practical difficulties associated with oxygen control are such 
that serious consideration should be given to equalization tanks operated under 
a control strategy that equalizes both flow and load. Such a strategy is now 
available (Dold, Buhr and Marais,1982). 
With regard to design, the following important considerations deserve mention: 
(1) For design of nutrient removal plants the influent wastewater characteristics 
(or their ranges) need to be known with much greater surety than for conven-
tional activated sludge plants otherwise a design may be produced that fails 
totally in its P removal objectives. Vital influent characteristics are (i) 
Sti, TKN/COD, P/COD, Shi• Sbsi• µnm20, Tmax and Tmin· Useful data are the 
Total Alkalinity and the unbiodegradable COD fractions fus and fup· In the 
event that these characteristics are known only approximately, values should 
be selected that lead to conservative designs, usually at the cost of reduced 
N and P removal. 
(2) The selected process must have factors of safety built into it or have flexi-
bility in operation, so that if the influent characteristics are more adverse 
than accepted for design, it will be possible to accommodate them. For 
example, if a Phoredox process is selected it is recommended that normally the 
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maximum TKN/COD ratio should not exceed 0,07 mgN/mgCOD, and the process should 
have a built-in safety factor by designing it for 0,08 mgN/mgCOD. For TKN/COD 
ratios > 0,07 mgN/mgCOD, the modified UCT/UCT* process should be selected; with 
this process combination, by appropriate regulation of the a-recycle ratio, ex-
cess P removal always can be induced (subject to Sbsi) at the cost of a reduced 
nitrogen removal. Theoretically, at low TKN/COD ratios (~0,08), the Phoredox 
process will be the optimal one, but practically its inflexibility to accommo-
date TKN/COD ratio variations, makes its selection a risky one. 
(3) The selected process should require the least amount of decision making from 
the operator to obtain consistent results. In this regard the modified UCT 
process appears to lend itself most readily to setting operational procedures 
to absorb adverse conditions when these arise. Also operational adjustment to 
mitigate the regular changes in wastewater flow and characteristics observed 
over different days of the week can be preprograuu;1ed. 
GENERAL CONCLUSIONS 
This paper presented evidence that 
(1) A prerequisite for P release under anaerobic conditions is that the concentra-
tion of rapidly biodegradable COD (similar to glucose or acetate) surrounding 
the organisms must exceed some minimum critical concentration (±25 mg/£). P 
release appears to serve as .an indicator -that the organism mass has been con-
ditioned to take up the released and additional P when subsequently aerated. 
Particulate slowly biodegradable COD does not appear to influence the release 
or excess uptake other than it contributes to active mass production which 
performs the P release and uptake. 
(2) The magnitude of the excess biological P removal per unit of active mass of 
sludge (as VASS) under constant flow and load conditions is determined by (i) 
the actual mean retention time of the organisms in the anaerobic reactor, (ii) 
the fraction of the sludge mass in the system recycled through the anaerobic 
reactor each day, and (iii) the concentration of rapidly biodegradable COD in 
excess of 25 mgCOD/£. 
(3) The mass of P removed per day per unit COD load by a process is dependent on 
the mass of excess active sludge produced per day times the magnitude of the 
excess removal coefficient induced by (2) above. Consequently, the shorter 
the sludge age, the greater the removal of P per unit COD load. 
(4) The source of the rapidly biodegradable COD is the influent wastewater and con-
sists of about 20 percent of the influent COD in unsettled municipal wasteflows. 
The concentration of rapidly biodegradable COD in the anaerobic reactor is 
reduced by any nitrate recycled to this reactor (1 mg(N03-N) removes 8,6 mgCOD) 
and thereby reduces the excess P removal, to zero if the nitrate discharged is 
high enough. 
(5) Analysis of the Phoredox process with respect to its nitrification and denitri-
fication capacities and excess P removal, indicates that complete denitrifica-
tion normally cannot be guaranteed if the influent TKN/COD ratio is greater 
than about 0,08 (for temperatures not falling below 12 to 14°C). At higher 
TKN/COD ratios nitrate will be present in the effluent and hence in the under-
flow recycle to the anaerobic reactor in which event excess P removal will 
decline or cease. 
(6) To protect the anaerobic reactor from nitrate in the effluent and underflow re-
cycle, a new process (the UCT process) is proposed in which the underflow (s) 
recycle as well as the mixed liquor (a) recycle discharge to the anoxic reactor 
* One may ask why not make provision for a Phoredox/UCT/modified UCT process com-
bination by installing the extra recycles. This of course is possible but in 
converting a Phoredox to a UCT type process, the anaerobic sludge mass fraction 
immediated is nearly halved (for r=l) and the P removal reduced accordingly. 
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and an extra (r) recycle is introduced from the anoxic to the anaerobic 
reactors. By controlling the a-recycle ratio the nitrate concentration in the 
anoxic reactor can be maintained at near zero so that the r-recycle will con-
tain little or zero nitrate and the rapidly biodegradable COD concentration in 
the anaerobic reactor is at a maximum level possible. This can be maintained 
in the process up to influent TKN/COD ratios of about 0,14 mgN/mgCOD (at 12°C 
to 14°C). 
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LIST OF SYMBOLS 
anaerobic capacity (mgN/£ influent) i.e. difference between an 
unaerated reactor's denitrification potential (Dp) and the nitrate 
entering it. 
mixed liquor recycle ratio from the aerobic to the anoxic reactors. 
Subscript o denotes optimum. 
= endogenous mass loss rate for heterotrophic organisms at T°C (/d) 
= b (1 029)(T-20) 
h20 ' 
the rate at 20°C = 0,24/d. 
denitrification potential (mgN/£ influent). 
of nitrate an unaerated reactor can remove by 
vided sufficient nitrate is available. 
Maximum concentration 
denitrification pro-
=dissolved oxygen concentration (mgO/£). 
refer respectively to the concentrations 
and influent. 
Subscripts a, r, s and i 
in the a, r and s-recycles 
= unbiodegradabL~ fraction of active mass 
0,20 mgVSS/mgVSS. 
fraction of biodegradable influent COD which is rapidly biodegradable. 
phosphorus fraction of the inert MLVSS 
= 0,015 mgP/mgVSS. 
unbiodegradable COD fractions of the influent COD. Subscripts p and 
s refer to particulate and soluble fractions respectively. 
= unaerated sludge mass fraction. Subscripts a, 1, 3, t and m refer 
respectively to the anaerobic, primary anoxic, secondary anoxic, 
total and maximum allowed. Additional subscript v refers to process 
volume fractions. 
=general parameter for denitrification rate (mgN03-N/mgVASS/d). 
Subscripts 1 and 2 refer respectively to the 1st and 2nd rates in 
the primary anoxic, and 3 to the rate in the secondary anoxic. 
Additional subscripts T and 20 refer to T°C and 20°C respectively. 
=nitrate concentration (mgN/£). Subscripts e, rands refer respect-
ively to the concentrations in .the effluent and r and s-recycles. 
= fraction of total mass of sludge in process passing through the 
anaerobic reactor per day. 
=system reduction of nitrate (mgN03-N/£ influent). 





















=process phosphorus removed in daily sludge wastage (mgP/£ influent). 
COD/VSS ratio of the volatile sludge mass 
= 1,48 mgCOD/mgVSS. 
Phosphorus removal due to excess uptake (mgP/£ influent). 
=influent flow rate (£/d). 
= mixed liquor recycle ratio from the anoxic to the anaerobic reactors. 
sludge age (d). 
= maximum sludge age beyond which maximum influent TKN/COD ratio for 
complete denitrification does not increase. 
actual anaerobic retention time (d). 
=nominal retention time (d). Subscripts 1 and 3 refer to primary and 
secondary anoxic reactors respectively. 
= factor of safety for nitrification. 
=total influent COD (mgCQD/£). 
biodegradable influent COD (mgCOD/£). 
= unbiodegradable influent COD (mgCOD/£) 
= rapidly biodegradable soluble influent COD. 
= slowly biodegradable particulate influent COD. 
= particulate unbiodegradable influent COD. 
soluble unbiodegradable influent COD. 
concentration of rapidly biodegradable COD in the anaerobic reactor 
(mgCOD/£) 
= rapidly biodegradable COD utilized in the anaerobic reactor due td 
dissolved oxyge~ and nitrate discharged to it. 
= duration of first denitrification rate in the primary anoxic 
reactor (h). 
= temperature. Subscripts max. and min. refer respectively to 
maximum and minimum. 
volume (£). Subscripts an, ax, ae and t refer respectively to the 
anaerobic, anoxic and aerobic reactors and the process total. 
·-volatile sludge concentration (mgVSS/£). Subscripts an, ax, ae 
refer to the anaerobic, anoxic and aerobic reactors. 
weighted average volatile sludge concentration in the process 
(mgVSS/£). 
active mass concentration (mgVASS/£). 
= growth yield coefficient = 0,45 mgVSS/mgCOD. 
denitrification attributable to the rapidly biodegradable COD 
(mgN03-N/mg biodegradable influent COD). 
= coefficient of excess phosphorus removal (mgP/mgBASS) i.e. the 
proportion of phosphorus in the active mass. 
maximum specific growth rate of the nitrifiers. 
20 refer respectively to T°C and 20°C. 
Subscripts T and 
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Abstract 
The average influent wastewater characteristics - (i) the COD concentra-
tion, (ii) the TKN/COD concentration ratio, (iii) the rapidly biodegrad-
able COD concentration, (iv) the maximum specific growth rate of the 
nitrifiers at 20°C attainable in the wastewater, (v) the maximum and 
minimum temperatures, and (vi) the P/COD concentration ratio - are shown 
to govern the design of, and effluent quality from singl'e sludge activa-
ted sludge processes for both biological nitrogen and phosphorus removal. 
The TKN/COD ratio governs the selection of the process type: For the 
Phoredox process, complete denitrification is essential to obtain excess 
P removal, and this is shown to be feasible only for TKN/COD ratios less 
than 0,07 to 0,08 mgN/mgCOD; as the TKN/COD ratio increases above 0,08, 
complete denitrification becomes increasingly unlikely, and the UCT or 
Modified UCT processes are appropriate because in these process~s complete 
denitrification is not essential to achieve excess P removal - in these 
processes N and P removal can be traded off against each other depending 
on the critical nutrient to be removed. Primary sedimentation signifi-
cantly reduces the biological nutrient removal potential of activated 
sludge process because it increases the TKN/COD and P/.COD ratios and re-
duces the COD load; however it significantly reduces the process volume 
and total oxygen demand. 
INTRODUCTION 
The basic theories describing the behaviour of aerobic COD degradation, nitrifica-
tion, denitrification and excess biological Phosphorus removal in the single sludge 
activated sludge process have been set out in a series of 5 papers: 1) Marais and 
Ekama (1976), 2) Dold, Ekama and Marais (1980), 3) van Haandel, Ekama and Marais 
(1981), 4) van Haandel, Dold and Marais (1982) and 5) Siebritz, Ekama and Marais 
(1982). The process design of purely aerobic and nitrification-denitrification 
processes for nitrogen removal have been dealt with in this series, but not the pro-
cess design for excess P removal. Design of processes to give N and excess bio-
logical P removal, requires an intimate understanding of aerobic and nitrification-
denitrification behaviour and continuous reference to the papers above will be made. 
To avoid repetitive quotation of authors, any unreferenced statements in this paper 
with regard to N and excess P removal process behaviour must be presumed to have 
their origin wholly in the above series. 
Factors affecting the design of excess P removal processes are 
(1) Influent wastewater characteristics: (i) COD concentration, (ii) TKN/COD 
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concentration ratio, (iii) rapidly biodegradable COD fraction, (iv) maximum 
specific growth rate of the nitrifiers at 20°C, (v) minimum and maximum tempera-
ture and (vi) P/COD concentration ratio. Characteristics (i) to (v) are the 
same as those required for the design nitrogen removal processes; for excess P 
removal the P/COD ratio comes into consideration additionally. 
(2) Settling characteristics: In order to maintain relatively good sludge settling 
characteristics in the process, it is necessary that the actual anoxic retention 
time should not exceed about 1 hour. 
(3) Effluent required: If upper limits are set to the concentrations of TKN, ni-
trate and phosphorus allowed in the effluent, the objective in the design is 
either to satisfy these limits with an appropriate factor of safety, or where 
the wastewater characteristics are such that it is not possible to satisfy all 
or any of the limits, to give optimal removal of these concentrations. 
The design of a process for simultaneous removal of N and P basically involves the 
utilization of the influent wastewater characteristics to find (i) an optimal divi-
sion of the sludge mass in the process into aerated and unaerated fractions to en-
sure efficient nitrification and (ii) an optimal subdivision of the unaerated frac-
tion into anaerobic (for P removal) and anoxic (for N removal) subfractions to 
achieve the required, or the best possible, N and P effluent quality. 
Consideration will be given first to N removal by consideration of the Bardenpho 
(Fig 1) and the Modified Ludzack-Ettinger (MLE) (Fig 2) processes; this will 
facilitate understanding of N removal in the Phoredox (Figs 3 and 4) and UCT type 
(Figs 5 and 6) processes for, with regard to N removal, these processes are exten-
sions of the Bardenpho and MLE processes respectively. Understanding of the N 
removal behaviour of the Phoredox and UCT processes is fundamental to the under-
standing of the P removal behaviour of these processes because N removal has an 
important influence on the P removal. 
The design considerations presented in this paper are restricted to constant flow 
and load conditions. Constant flow and load conditions allow the use of simple, 
but accurate design equations to estimate the sludge production per day, sludge mass 
in the process, process volume, daily average total oxygen demand and division of 
the total sludge mass in the process into anaerobic, anoxic and aerobic sludge mass 
fractions for optimal removal of N and P. The design obtained for constant flow 
and load conditions can then be checked for the expected daily cyclic loading con-
ditions with the aid of the general dynamic activated sludge model.* In most · 
instances it will be found that a design for constant flow and load conditions will 
be adequate for cyclic flow and load conditions (provided the oxygen supply can be 
regulated according to the demand). Analysis by means of the general dynamic model 
however allows the design to be analysed rapidly for a range of different loading 
conditions and wastewater characteristics to check the adequacy and limitations of 
the design to possible deviations of wastewater characteristics and loading patterns 
away from the.accepted ones. 
On first sight the design theory for denitrification appears to be very different 
from that presented by van Haandel et al. (1982). The difference is apparent, not 
real. The basic denitrification theory is the same, only the approach to design is 
different: van Haandel et al. specify the effluent nitrate concentration in terms 
of the capability of the Bardenpho or MLE processes and, specifying some of the 
wastewater characteristics, determine the influent TKN/COD ratio for which the pro-
cesses can optimally achieve the specified effluent nitrate concentration; in this 
* The general activated sludge process model is operational on the computer system 
(UNIVAC) of the University of Cape Town. The dynamic model can be used only once 
the process design is completed because the model requires the process configura-
tion, magnitudes of the reactor volumes and recycle ratios to be specified in order 
to simulate the behaviour for the specified influent wastewater characteristics 
under daily cyclic loading conditions. 
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paper all the wastewater characteristics are specified including the TKN/COD ratio 
and the best process type for optimal N removal is determined. This latter 
approach, although more laborious in that it may require a trial and error procedure, 
has the advantage that it readily incorporates the additional variable of the sub-
division of the unaerated sludge mass fractions into anaerobic and anoxic fractions 
for optimal P and N removal. Also the effect of dissolved oxygen in the recycle 
flows is readily incorporated. 
MAXIMUM UNAERATED SLUDGE MASS FRACTION AND ITS INFLUENCE ON SLUDGE AGE 
In biological treatment of municipal wasteflows, nitrification is a prerequisite for 
N removal by denitrification. Nitrification, being mediated by the obligate 
aerobic organisms Nitrosomonas and Nitrobacter, can take place only if the aerobic 
sludge age of the process is sufficiently long to allow growth of these organisms. 
Consequently for a selected process sludge age, the maximum fraction of the total 
sludge mass under unaerated conditions is limited to that value which maintains the 
aerobic sludge age above a minimum value. Because the rate of growth of the nitri-
fiers decreases with decrease in temperature, the minimum aerobic sludge age is 
fixed by the minimum expected wastewater temperature. The denitrification poten-
tial of the process depends inter alia on the unaerated sludge mass fraction; if 
too small, all the nitrate produced by nitrification cannot be removed. Consequent-
ly it may be necessary to increase the process sludge age in order to increase the 
unaerated sludge mass fraction, while maintaining the required minimum aerobic 
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sludge age. When excess biological P removal is incorporated in the process des-
1gn, a fraction of the unaerated sludge mass must be reserved to establish the re-
quired anaerobic conditions i.e. the unaerated sludge mass fraction now consists of 
two fractions, anoxic and anaerobic. The anaerobic fraction in a correctly design-
ed plant will not receive any nitrate and hence does not contribute towards the de-
nitrification potential of the process. Consequently, for some fixed minimum 
aerobic sludge age to achieve nitrification, the process sludge age for both P and 
N removal will be even longer than that for N remova~ only, to allow the establish-
ment of the required anaerobic conditions and denitrification. 
Calculation of the Maximum Unaerated Sludge Mass Fraction 
The maximum unaerated sludge mass fraction (f>..'111) that will allow nitrification just 
to take place at a sludge age of Rs, is given by van Haandel et al.(1982) as 
f = 1 - (b T + l/R )/µ T xm n_ s nm 
The correnponding_aerobic sludge mass fraction 1s given by (1-fxm) i.e. 
(1-f ) = (b T + l/R )/µ T xm n s nm 





Temperature Reference l 
i Parameter r Symbol Dependency e Value i ' 
I Equation (20°) 
Maximum Specific growth I µnmT 8
(T-20) 
1,123 0,20 to 0,65 ;r i: µnm = µnm20 
' (/d) ,! rate 
i Endogenous mass loss rate· b bnT = bn20 8 
(T-20) 
1,029 0,04 ii 
~· (/d) n 
fl 
i Note: Additional subscripts T or 20 ref er to values at T or 20°C respectively 
The temperature dependencies of bnT and µnmT are given in Table 1. Using the data 
in Table 1, a diagrammatic representation of Eq(l) is given in Fig 7 for µnm20 = 
0,65 and 0,33/d respectively. The diagram shows that fxm is very sens1tive to 
µnmT: unless a· sufficiently large aerobic sludge mass fraction (1-fxm) is provided, 
(see right hand side of Fig 7), nitrification will not take place and no nitrogen 
removal by denitrification is possible. 
The design value of (1-fxm) always should be significantly higher than that given by 
Eq(lb) because nitrification becomes unstable as the unaerated sludge mass fraction 
approaches (fxm) from a lower value, particularly under cyclic loading conditions. 
Consequently to ensure efficient nitrification (>95%) it is recommended that the 
minimum aerobic sludge mass fraction (1-fxm) is increased by a safety factor (Sf) of 
about 1,25 to 1,50. Hence Eq(lb) becomes 
(1-f ) = Sf (b T + l/R )/µ T (2) xm n s nm 
For a selected µnm20 value and a factor of safety (Sf) of say 1,3, the maximum un-
aerated sludge mass fraction (fxm) for a selected sludge (Rs) is governed by the 
lowest expected temperature (Eq 2). Having fixed fxm for the lowest expected 
temperature and the selected sludge age, an increase in temperature always results 
in an increased factor of safety (Sf) and a decrease in effluent TKN concentration, 
1.e. an increase in temperature increases the certainty and efficiency of nitrifica-
tion. 
Estimation of the Maximum Specific Growth Rate of the Nitrifiers at 20°C 
In the determination of f , the principal problem lies in the selection of the xm 
-SLUDGE AGE (d) 
Fig ? Maximum permissible unaerated sludge mass fraction (f:x;m) or m~n~­
mum aerobic sludge mass fraction (1-fxmJ required to just sustain 
nitrif1:cation versus sludge age at 20°C and 14°C for :1,ifferent 
maximum specific growth rates of the nitrifiers at 20°C (µnm20J 
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maximum specific growth rate of the nitrifiers at 20°c* (µnm20) as the magnitude 
of this constant has a significant effect on the magnitude of fxm. The .magnitude 
of µnm20 tends to be specific for a specific wastewater source; this behaviour is 
so evident that µnm20 should be considered a wastewater characteristic. In a 
purely domestic wastewater, a high value for µnm20 of about 0,65/d is not unusual 
but the presence of an industrial fraction or toxic substance in the influent flow 
can suppress the value to below 0,30/d. Furthermore µnm20 is sharply reduced at 
pH values below 7,0; the reduction of the Alkalinity to low values in nitrifica-
tion-denitrification plants treating wastewaters with low Alkalinities (<200 mg/£ 
as CaC03),can cause the mixed liquor pH to fall below 7 with a concomitant reduction 
in the µnm20 value. This is illustrated in Fig 8 which shows the interrelationship 
between mixed liquor Alkalinity and pH for different concentrations of dissolved C02. 
In the course of nitrification 1 mg(NH4-N) converted to 1 mg(NO)-N) absorbs 7,14 mg 
Alkalinity and in denitrification 1 mg(NOj-N) converted to 1 mg(N2-N) gas produces 
3,57 mg/£ Alkalinity as CaC03; if the mixed liquor Alkalinity is reduced below 
about 50 mg/£ as CaC03, then from Fig 8, it can be seen that a significant decrease 
in pH below 7,0 can take place, with a concomitant reduction in the µnm20 value. 
Ideally the µnm20 value should be, and can be measured by experiment (van Haandel 
and Marais, ·1981 and Sehayek and Marais, 1981) but in the absence of information on 
µnm20 a low value necessarily must be selected, say 0,35/d, to have reasonable 
assurance of a safe design with respect to nitrification. However, using a low 
value when the actual value is higher, reduces the optimal design of the process in 
that it forces the selection of a long sludge age (about 25 days) for a reasonable 
design value of fxm of 0,45 (Eq 2). 
Tc obtain complete removals of N in P removal processes the unaerated sludge mass 
fraction fxrn usually must be high. If the µnm20 values are low, i.e. <0,40/d 
(which will be the usual case in design where insufficient information on the µnm20 
value is available) the necessary fxrn values are obtained only at long sludge ages 
e.g. if µnm20 = 0,35/d then with Sf = 1,3 and Tmin = 14°C, a sludge age of 25 days 
*The value of the maximum specific growth rate of the nitrif iers at 20°C (µnm20) is 
the reference value; knowing the rate at 20°C, the rates at other temperatures 
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is required for an fxm = 0, 45 and 35 days for an fxm of 0, 54. Howe·Jer, 
long sludge ages require large process volumes - increasing the sludge age from 25 
to 35 days increases the process volume by about 33% (Fig 16) whereas the unaerated 
sludge mass fraction increases only 20%. Consequently, for low Pnm20 values, the 
increase in N and P removal that can be obtained by increasing fxm above 0,50 may 
not be economical due to the large process volumes this requires. This imposes an 
upper limit to fxrn near 0,50 to avoid the excessively large process volumes required 
at very long sludge ages~ 
THE EFFECT OF THE INFLUENT TKN/COD RATIO ON THE SELECTION OF THE 
PROCESS TYPE 
For a given wastewater and process configuration, if the sludge age, unaerated 
sludge mass fraction and its subdivision into anoxic and anaerobic fractions are 
fixed, the removals of N and P per unit influent COD also are fixed. Hence, for a 
given design and wastewater the effluent N and P concentrations depend on the in-
fluent TKN/COD and P/COD ratios. The fact that for a given design and wastewater 
the removals of N and P are fixed, implies that there are limits to the TKN/COD and 
P/COD with which complete N and P removal can be achieved in biological nutrient 
removal processes; however, the limits are different for the various N and P 
removal processes. The recognition of these limits, in particular that associated 
with N. removal, is of prime importan~e in nutrient removal process type selection. 
*Additional information on the need for an upper limit to fxm comes from experi-
mental work on the Ludzack-Ettinger process and theoretical predictions using the 
general activated sludge model. At 20°C with Rs = 20 days, if fxm >0,70, the mass 
of sludge generated increases sharply, an observation also indicated by theoretical 
simulation: theoretically, this happens for fxm >0,60 at T = 14°C and Rs = 20 days. 
The reason is that for such high fxm, the exposure of the sludge to aerobic con-
ditions becomes insufficient to utilize the adsorbed and enmeshed particulate 
material. This leads to a decrease in active mass and oxygen demand and a build-
up of enmeshed material, which causes a progressive decline in process activity 
because of the decline in active mass. When this happens, the process still 
functions in that the COD is removed from the wastewater, but the degradation of 
the COD is reduced; the process begins to assume the role of a contact reactor of 
a contact-stabilization process, i.e. a bioflocculator with minimal degradation. 
This critical state occurs at lower fxm as the temperature is decreased and the 
sludge age is reduced (Arkley and Marais, 1982). 
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The Phoredox Process 
The configuration of the Phoredox process (Fig 3) is such that the attainment of 
complete denitrification is of the utmost importance for obtaining excess P removal: 
If complete denitrification cannot be achieved, nitrate will be present in the 
effluent and sludge underflow recycle; the discharge of the nitrate present in the 
underflow recycle to the anaerobic reactor causes a severe deterioration in the 
excess P removal (Fig 12). For successful excess P removal in the Phoredox pro-
cess, it must be operated at a sludge age which ensures complete denitrification. 
Roughly speaking, if the influent TKN/COD ratio is low (<0,07 mgN/mgCOD) complete 
denitrification, and hence complete N removal, can be obtained in the Phoredox 
process with a relatively low anoxic sludge mass fraction (fxdm) i.e. about 0,30. 
An fxdm = 0,30 and an anaerobic sludge mass fraction (fxa) of say 0,10, gives an 
unaerated sludge mass fraction of 0,40 which, with a low µnm20 (-0,35/d) requires 
a sludge age of 20 to 25 days to ensure nitrification with Sf = 1,3. These rela-
tively short sludge ages will allow good P removal per unit influent COD (Fig 11). 
At slightly.higher TKN/COD ratios (-0,08 mgN/mgCOD) a larger anoxic sludge mass 
fraction (fxdm) is required to obtain complete denitrification (-0,45) which when 
combined with an anaerobic sludge mass fraction (fxa) of 0,10 to give an unaerated 
sludge mass fraction of 0,55 results in sludge ages of around 35 days at low µnm20 
values. At these very long sludge ages, the P removal per unit influent COD is 
low (Fig 11). Consequently for TKN/COD ratios equal or less than 0,07 mgN/mgCOD, 
complete denitrification is attainable, and the Phoredox process may be a viable 
option for N and P removal~ However, for TKN/COD ratios near 0,08 mgN/mgCOD, the 
sludge age will be very long requiring large process volumes per unit influent COD 
(Fig 16) and give relatively low P removals per unit influent COD (Fig 11), i.e. 
at TKN/COD ratios of 0,08, the process no longer may be economically viable. 
It can be concluded from the above discussion that, because complete denitrification 
is required to obtain excess P removal in the Phoredox process, the process rapidly 
becomes unrealistic for TKN/COD ratios near 0,08 mgN/mgCOD, requiring un~erated 
sludge mass fractions greater than 0,50 and sludge ages longer than 35 days. For 
the TKN/COD ratio above 0,08 mgN/mgCOD, the achievement of complete denitrification 
~s untenable, and the presence of nitrate in the effluent and underflow recycle is 
inevitable, so that for TKN/COD above 0,08, the Phoredox process no longer is a 
viable option. 
The upper limit of the TKN/COD ratio of 0,07 to 0,08 mgN/mgCOD for successful opera-
tion of the Phoredox process severely restricts application of the process in the 
treatment of municipal wastewaters because the TKN/COD ratios for raw wastewaters 
range between 0,07 to 0,08 mgN/mgCOD and for settled wastewaters generally are 
greater than 0,10 mgN/mgCOD. A further difficulty with this process is that it is 
inflexible to accommodate TKN/COD ratios higher than that for which the process is 
designed. Once the ratio increases above the accepted design value, the effluent 
nitrate concentration increases concomitantly leading to a decline in ex~ess P 
removal (Fig .12). The only operational flexibility of the process to reduce the 
nitrate discharge to the anaerobic reactor is the reduction of the underflow re-
cycle ratio but this may result in failure of the secondary settling tank. 
The UCT Type Processes 
If the TKN/COD ratio is greater than 0,08 mgN/mgCOD, the only viable processes for' 
obtaining excess P removal are the UCT and modified UCT processes (Figs 5 and 6). 
In these processes complete denitrification is not essential for obtaining excess 
P removal because nitrate is positively excluded from the anaerobic reactor by 
means of the mixed liquor ~nd sludge recycle arrangement and their appropriate 
control: In the UCT process for example, the sludge underflow s-recycle is 
* The modified Phoredox process (Fig 4) is never a viable alternative as nitrate will 
always be present in the effluent and cannot be positively excluded from the anaero-
bic reactor. Owing to this deficiency, this process will not be considered further 
in this paper. 
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discharged to the anoxic reactor and an additional mixed liquor r-recycle from the 
anoxic to the anaerobic reactor is introduced. The nitrate recycled to the anoxic 
reactor can be controlled by appropriately adjusting the mixed liquor a-recycle 
from the aerobic to the anoxic reactor such that the nitrate concentration in the 
anoxic reactor is approximately zero. Hence, nitrate discharge to the anaerobic 
reactor via the r-recycle can be avoided and optimal anaerobic conditions can be 
uaintained for excess P removal. 
The UCT process has flexibility to accommodate higher TKN/COD ratios than that 
accepted in its design without jeopardizing the achievement of excess P removal. 
This is done simply by reducing the mixed liquor a-recycle ratio until the nitrate 
concentration 3gain is zero in the anoxic reactor. The UCT process can be design-
ed (and ope.nted) to deal with mean TKN/COD ratios up to 0,14 mgN/mgCOD. At a 
TKN/COD ratio of 0,14, the nitrate concentration in the s-recycle ratio is so high 
that this nitrate load on the anoxic reactor is sufficient to load it to its de-
nitrif ic~tion potential and the a-recycle ratio reduces to zero. Once the a-
recyc] e ratio is zero any increase in TKN/COD ratio will cause a nitrate discharge 
to the anaerobic reactor. Hence, at TKN/COD ratios above 0,14 mgN/mgCOD, the UCT 
process csnnot be designed to achieve excess P removal. However this value is 
above that of most raw and settled municipal wastewaters. 
Experience with the UCT process brought to light a different type of problem that 
can result in failure of the process. In this process, as the TKN/COD ratio 
increases, the a-recycle ratio needs to be reduced to avoid overloading the anoxic 
reactor with nitrate which may cause a nitrate discharge to the anaerobic reactor. 
However, a reduction in the a-recycle ratio causes an increase in the actual anoxic 
retention time. It was found that generally for high influent COD concentrations 
(>500 rngCOD/£) and TKN/COD ratios >0,11 rngN/m~COD, the actual anoxic retention times 
are longer than 1 hour. From experimental results, there are strong indications 
that when the actual anoxic retention time increases to longer than 1 hour, the 
settleability of the mixed liquor sharply declines~ The situation therefore arises 
that the process opeLates satisfactorily with regard to P removal, but may fail due 
to settleability problems, or if the secondary settling tanks are designed to cope 
with the poor settling sludge, inordinately large settling tanks will be required. 
Consequently, in design, to preserve good settleability of the sludge, an upper 
limit of 1 hour must be imposed on the actual anoxic retention time. This limita-
tion creates a conflict between good P removal and good sl11dge settleability at 
TKN/COD ratios >0,10 to 0,11 mgN/mgCOD (depending on the COD strength of the waste-
water) because the former demands a low a-recycle ratio and the latter a high one. 
This conflict was resolved by making a modification to the UCT process. 
In the Modified UCT process (Fig 6), the anoxic sludge mass fraction (fxdm) is sub-
divided into two parts, the first having a sludge mass fraction of 0,10 to 0,12 
(depending on the influent COD concentration) and the second having the balance of 
the fxdm· The first reactor receives the underflow s-recycle and the r-recycle to 
the anaerobic reactor is taken from it. The second anoxic reactor receives the a-
recycle from the aerobic reactor. Because the second anoxic reactor is separated 
from the first, the a-recycle ratio can have any reasonable value greater than the 
minimum necessary to fully load the second anoxic reactor to its denitrification 
potential. The a-recycle ratio can therefore be set at the greater of two lower 
limits i.e. set sufficiently high to (i) load the second anoxic reactor to its 
denitrification potential or (ii) maintain an actual anoxic retention time of less 
than 1 hour. If the ratio given by limit (ii) is greater than that given by 
limit (i) the second anoxic reactor will have a nitrate load greater than its 
denitrification potential - this will not greatly affect its N removal efficiency 
provided the D.O. concentration in the a-recycle is below 2 to 3 mgO/£. An 
important operational advantage of the Modified UCT process over the UCT process is 
i:: 
For reasons not yet understood, the anaerobic retention time, both nominal and 
actual, does not appear to affect the settleability of the sludge. 
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that it obviates the need for careful control of the a-recycle ratio to ensure a 
nitrate free discharge to the anaerobic reactor. However, this advantage is at a 
cost: the process is unlikely to operate satisfactorily with respect to excess p 
removal for TKN/COD ratios above 0,11 mgN/mgCOD. 
In the UCT and modified UCT processes, by varying the subdivision of the unaerated 
sludge mass fraction,fxm.between the anaerobic,fxa,and anoxic,fxdm,sludge mass 
fractions, good N or P removal can be traded off against each other depending on 
the critical nutrient to be removed. For example if ihe µnm20 value is low, short 
sludge ages (Rs) and large anaerobic sludge mass fractions (fxa) can be combined to 
achieve nitrification and high P removai per unit influent COD, but because a short 
Rs and large fxa restrict the anoxic sludge mass fraction (fxdm) to a relatively 
low value, the nitrate removal per unit influent COD will be poor. 
The discussion above qualitatively illustrated the importance of the TKN/COD ratio 
on biological N and P removal and the selection of the process type. Quantitative 
procedures to calculate the magnitude of the N and P removal from the influent 
wastewater characteristics will now be discussed. 
PRHJCIPLES OF NITROGEN REMOVAL 
Understanding of N removal in the activated sludge process is facilitated by defin-
ing two parameters, i.e. nitrification capacity and denitrification potential. 
(1) Nitrification capacity 
Not all the influent TKN is available fo~ nitrification: some is required for daily 
sludge productjon and some escapes with the effluent. Hence the TKN concentration 
per litre influent avm'.foble for nitrification i.e. the nitrification capacity (Ne">, 
is given by the difference between the influent TKN concentration (Nti) and .the sum 
of the effluent TKN concentration (Nte> ani the nitrogen required for nett sludge 
production (N8 ), i.e. 
N = N . - N - N c ti s te (3) 




= {Yh(l - fus - fup)(l + fbhTRs) + fup} f 
Sti (1 + bhTR
8
) Pv n (4) 
A plot of N8 /Sti (Eq 4 divided by Sti) versus sludge age (Rs) is given in Fig 9 for 
14°C and 20°C for the raw and settled municipal wastewater characteristics taken 
from Table 2~ 
The effluent TKN concentration (Nte) depends on the efficiency with which the TKN 
is converted to nitrate. If the safety factor (Sf) with which fxm is calculated 
(Eq 2) is selected greater than about 1,3 at the lowest expected process temperature 
(Tmin) the efficiency of nitrification will be high (>95%) and Nte generally will be 
less than 4mgN/£ and independent of both the process configuration and the sludge 
mass subdivision into aerated and unaerated fractions (provided sufficient aeration 
capacity is available). Hence, provided Sf ~1,3 at Tmin, usually Nte need not be 
calculated explicitly**and can be taken to be approximately 4 mgN/£. For the 
selected fxm, sludge age (Rs) and Tmin, an increase in temperature will increase 
the nitrification efficiency and also the factor of safety (Sf) so that at summer 
temperatures (Tmax), Nte will be lower (i.e. about 2 mgN/£) than during the winter 
temperatures. 
*The characteristics of the raw and settled wastewaters given in Table 2 are approxi-
mately normal for municipal raw and settled wastewaters and will be utilized 
throughout this paper to demonstrate the design of nutrient removal plants. 
**Explicit equations for the effluent TKN concentration i.e. the sum of the effluent 
anunonia and organic nitrogen concentrations, are given by van Haandel et al. (1982). 
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T!.BLE 2 Assumed Raw and 8ettZed Uunicipal Wastewater> Characteristics 
fm.• a raw wastewater> COD of 600 mgCOD/ R 
Parameter Symbol Units Raw Settled
1
; 
I Total COD Total TKN 
'/ 
!i., Total P 




















Maximum Specific Growth Rate of 











































i Primary sedimentation is assumed to remove 40% COD, 15% TKN, 15% P and 10% of 
l the rapidly biodegradable COD. The fractions and ratios for the settled sew-
.: age are based on the settled sewage COD. 
:~ *~" . ii At raw wastewater COD concentrations other than 600 mgCOD/ £, the concentrations 
1 of the other constituerits generally change proportionately. 
ti 
Knowi'ng Ns from Eq (4) for the selected sludge age (Rs) and temperature (T), and 
taking Nte to be between 2 to 4 mgN/£ depending on the temperature, the nitrifica-
tion capacity (Ne) can be calculated from Eq (3). Because Nte and Ns are indepen-
dent of fxm (provided Sf >1,3), Ne also is independent of fxm· However, because 
Ns is a function of Rs and T (Fig 9) and Nte a function of T, Ne also is a function 
of Rs and T, and increases with increase in Rs or T. 
(2) Denitrification potential 
The denitrification potential (Dp) of a reactor under constant flow and load con-
ditions is defined as the concentration of nitrate per unit influent flow that the 
reactor cah denitrify if sufficient nitrate is always present (van Haandel et al. · 
1982). They showed that the denitrification potential for a primary anoxic 
reactor (Dp1) is given by 
(A) (B) 
f (1 - p y ) 
D = (1 - f -f )S .{ bs v h 
YhR 
+ (1 + b:TRs) K2Tfxl} pl us up ti 2,86 
(Dp3) is given by and for a 9econdary anoxic reactor 
(C) 
YhR 
- fup)Sti {(l + b:TRs) K3Tfx3} (1 - f us 
where 




= K (1 OS)(T-20) fot T '"~ 0 r: 220 ' /j_.) ~ .. K - ,- " ,,,· <1·3· 0 '·'J' ·· 1:-. 3, .. ;_Tl'.' 1 C , " L..- J. 
0,1008 mg(N03-N)/mgVASS/d (van Haandel et al. 1981) 




= K (1 029)CT-20) 




K320 = 0,072 mg(N03-N)/mgVASS/d (van Haandel et al. 1981). 
Term (A) in Eq (5) is the denitrification attributable to the utilization of the in-
fluent rapidly biodegradable COD fraction,fbs· Equation (5) is based on the 
assumption that this fraction is completely utilized in the primary anoxic reactor. 
For this to be true fxl must be greater than fxlmin' where 
where 
(9) 






= Kl20 ,20 
0,720 mgN0
3
-N/mgVASS/d (van Haandel et al. 1981). 
Substituting the values of the kinetic constants Pv, Yh, bhT and KlT (see List of 
Symbols),then for fbs = 0,33, fxlmin is less than 0,10 for Rs >15 days at 14°C. 
This value is much lower than for most primary anoxic sludge mass fractions utiliz-
ed in design, (where fxl usually is greater than 0,15), so that Eq (5) is valid for 
most design situations (van Haandel et aZ. 1982). 
For the raw wastewater characteristics given in Table 2, the denitrification poten-
tial per unit influent COD of the primary and secondary anoxic reactors (i.e. 
Dp1/Sti and Dp3/Sti) are shown plotted versus sludge age for different unaerated 
sludge mass fractions at 14°C and 20°C in Fig 10. The plots show that both 
Dp1/Sti and Dp3/Sti, (i) increase as Rs increases, but for Rs >20 days the increase 
is very small and, (ii) both increase markedly with increasing unaerated sludge mass 
fraction, and (iii), Dpl is greater and more sensitive to temperature than Dp3· 
Similar curves to Fig 10 can be constructed for settled wastewater. Such plots 
will show that for settled wastewater Dpl/Sti is greater than that for raw waste-
water but that Dp3/Sti remains approximately the same. The increase in Dpl/Sti for 
settled wastewater is because the rapidly biodegradable COD concentration with 
respect to the total settled biodegradable COD concentration (fbs) increases - pri-
mary sedimentation removes mainly particulate and very little soluble COD (see 
Table 2). However, the absolute magnitude of the denitrification potentials Dpl 
and Dp3 for settled wastewater are significantly reduced compared to raw wastewater 
because primary sedimentation significantly reduces the COD load of the wasteflnw. 
From the definition above, it is evident that the denitrification potential of an 
anoxic reactor is the maximum concentration of nitrate that can be removed by it. 
If the potential of the reactbr is greater than the nitrate load discharged to it, 
the nitrate concentration in its outflow will be zero but its denitrification 
performance is less than its denitrification potential. If its potential is less 
than the nitrate discharged to it, nitrate will be present in the outflow and its 
denitrification performance is equal to its denitrification potential. Once the 
anoxic reactors of a fixed configuration are loaded with nitrate to their respective 
denitrification potentials more nitrate cannot be removed by increasing the re-
cycle ratios, i.e. the maximum denitrification performance of a process is limited 
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PRINCIPLES OF EXCESS BIOLOGICAL PHOSPHORUS REMOVAL 
A quantitative parametric model for excess biological P removal in Phoredox and UCT 
Type nutrient removal processes has been presented by Siebritz et al. (1982). In 
this model two parameters are defined i.e. (i) the coefficient of excess P removal 
and (ii) the excess P removal propensity factor. 
(1) Coefficient of Excess P removal (Y) 
Excess P removal is hypothesized to be biologically mediated (Marais, Siebritz and 
Ekama, 1982). From this hypothesis it follows that (i) the mass of P taken up in 
excess depends on the mass of P taken up by the active mass in the process and· (ii) 
thff magnitude of the removal will depend on the mass of sludge per unit influent 
COD wasted per day and the fractional content of P in the active, endogenous and 
inert volatile sludge fractions. Assuming that the magnitude of the fractional 
content of P in the volatile sludge fractions is Y for the active mass and fp for 
the endogenous and inert masses respectively, Martin and Marais (1975) showed that 
the P removal from the influent,Ps,can be expressed by: 
Q.P 
s 
= v ( yX + f x + f x. ) IR p a pe pi s 
P = (yX + f X + f X.)R. /R 
s a p e p i -nn s 
(1-f -f )Y 
= S { us up h 
ti . (l+bhTRs) 
(11) 
When biological excess P removal takes place, this will be reflected in the value 
of yin Eq (11), the value being greater than the 0,02 to 0,03 mgP/mgVASS usually 
found for purely aerobic processes. With excess P uptake, y can range from a 
minimum of about 0,06 when anoxic conditions only are present, to a maximum of 
about 0,35 when the appropriate anaerobic conditions are present. 
A plot of Eq (11) (divided through by Sti) versus Rs is given in Fig.11 for raw and 
settled sewage at 14°C and 20°C assuming a constant y value of 0,18 mgP/mgVASS, a 
value readily attained in optimally designed P removal plants. Figure 11 shows 
that Ps/Sti decreases sharply with sludge age so that to remove the maxirmun P, the 
sludge age should be kept as low as possible. The P removal per unit COD load is 
approximately the same for raw and settled sewage. Hence, because primary 
sedimentation removes as much as 40% of the COD load, P removal with settled waste-
water is about 40% less than with raw wastewater. For a constant y the effect of 
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NITRATE CONCENTRATION DISCHARGED 
TO ANAEROBIC REACTOR (moN/I) 
Fig 12 Propensity factor (Pf), rapidly 
biodegradable COD concentration in 
anaerobic reactor (SbsaJ and co-
efficient of excess P removal (y) 
versus the nitrate concentration 
discharged to the anaerobic reac-
tor for an anaerobic sludge mass 
fraction (fxaJ of 0,10 for raw 
wastewater 
(2) Excess P Removal Propensity Factor (Pf) 
Siebritz et al. (1982) found that the magnitude of the coefficient of excess P 
removal y is influenced by a set of conditions in the anaerobic reactor: (i) the 
magnitude of the rapidly biodegradable COD concentration (Sbsa) in excess of 25 mg 
COD/R, (ii) the actual retention time in the anaerobic reactor and (iii) the mass 
of sludge (expressed as a fraction of the mass of sludge in the process) passing 
through the anaerobic reactor each day. These conditions were quantified for the 
Phoredox and UCT type process and formalized into a parameter called the excess P 
removal propensity factor,Pf, 1.e. 
pf 
where 
(Sb -25).f •1when Sbsa < 25, Pf= 0,0 sa xa . 
fxa anaerobic sludge mass fraction 
Sbsa rapidly biodegradable COD concentration in the anaerobic reactor 
(mgCOD/R) 
(fbssbi - 6Sbs)/(l+s or r) 
where 
6Sbs rapidly biodegradable COD utilized in the anaerobic reactor 
s(Nns·2,86+ds)/(l-PvYh) for the Phoredox process 
= r(Nnr•2,86+dr)/(l-PvYh) for UCT processes 





From plots of experimentally measured y and Pf data pairs, these two parameters 
were linked in the following empirical equation: 
y = 0,35-0,29 exp(-0,242 Pf) (14) 
Equation (14) shows that the higher the Pf factor, the greater the y coefficient. 
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Consequently, at a fixed sludge age, the higher the Pf factor in a process, the 
greater the P removal per 'unit COD load. For a fixed fxa, high Pf factors are 
obtained with (i) high influent COD concentrations (Sti), (ii) high rapidly biode-
gradable COD fractions (fbs) and (iii) zero nitrate concentrations in the recycles 
to the anaerobic reactor (Nns,Nnr). The sensitivity of excess P removal to 
nitrate discharged to the anaerobic reactor is demonstrated in Fig 12. In Fig 12 
the Sbsa concentration, Pf factor and y coefficient calculated from Eqs (11-14) for 
the raw wastewater given in Table 2 are plotted versus the nitrate concentration 
discharged to the anaerobic reactor (Nns) for fxa = 0,10 and ds = 1,0 mgO/£. It 
can be seen that for Nne >7 mgN/£, the y coefficient is reduced to a third of that 
for Nns = 0,0. For Rs = 25 days and T = 14°C this reduction in Y results in a 
decline in P removal from 9,3 to 3,5 mgP/£. This example demonstrates that for 
good P removal, nitrate discharged to the anaerobic reactor should be avoided at 
all costs. 
CAN COMPLETE DENITRIFICATION BE ACHIEVED? 
When selecting a Phoredox or UCT type process for excess P removal, it is necessary 
to establish whether or not complete denitrification can be achieved for a 
selected sludge age (Rs) and maximum specific growth rate of the nitrifiers at 20°C 
(µnm2Q). If it can be achieved for sludge ages less than about 30 days and un-
aerated sludge mass fractions less than about 0,50 at the minimum process tempera-
ture (Train), then a Phoredox process is indicated; if it cannot be achieved, then 
a UCT type process is indicated. 
Provided the wastewater characteristics are favourable, in particular, a low influ-
ent TKN/COD ratio, complete denitrification can be achieved only if the process 
configuration incorporates a secondary anox~c reactor e.g. the Bardenpho (Fig 1) 
and Phoredox (Fig 3) processes: any nitrate not removed by the primary anoxic 
reactor (fxl) must be removed by the secondary anoxic reactor (fx3) to obtain 
complete denitrification. 
In the Bardenpho process, the maximum anoxic sludge mass fraction available for 
denitrification, fxdm, is equal to the maximum unaerated sludge mass fraction, fxm· 
In the Phoredox process, an anaerobic reactor is required for the stimulation of 
excess p removal, so that fxdm for this process is the difference between fxm and 
the anaerobic sludge mass fraction fxa' i.e. 
f 
xdm f , for the Bardenpho xm 
f d = f -f , for the Phoredox x m xm xa 
where fxm is given by Eq (2) for a selected Rs, µnmT and Tmin· 
(15a) 
(15b) 
To check whether or not co.mplete denitrification can be obtained with the maximum 
anoxic sludge mass fraction given by Eq (15 a orb), the following reasoning is 
followed: In the Bardenpho or Phoredox process, for a fixed underflow s-recycle 
ratio, the mixed liquor a-recycle ratio governs the distribution of the nitrate 
from the aerobic reactor between the primary and secondary anoxic reactors - the 
higher the a-recycle ratio with respect to the s-recycle ratio the greater the pro-
portion of nitrate recycled to the primary anoxic reactor. For the selected a-
and s-recycle ratio, the best denitrification performance is obtained when the 
primary anoxic reactor is just loaded to its denitrification potential. If the 
primary anoxic reactor is loaded to its denitrification potential, the nitrate con-
centration in the outflow of the reactor is zero and the nitrate concentration in 
the aerobic reactor is given by Nc/(a+s+l) i.e. the nitrification capacity diluted 
into the total flow entering the aerobic reactor. Knowing the nitrate and 
dissolved oxygen (D.O.) concentrations in the aerobic reactor, the equivalent 
nitrate load imposed on the primary and secondary anoxic reactors by the selected 
a- and s-recycles can be calculated. A useful analytical device is to increase 
theequivalentnitrate load on the secondary anoxic reactor by a factor K2TfK3T so 
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that the reactor acts like a primary anoxic reactor except that it receives no 
rapidly biodegradable COD. Now adding the equivalent nitrate load on the primary 
anoxic to the adjusted equivalent nitrate load on the secondary anoxic reactor, a 
total equivalent nitrate load is obtained. Because the secondary anoxic reactor 
has been transformed to act like a primary anoxic reactor,. the respective contri-
butions to total denitrification potential by the primary and secondary a~oxic 
reactors need not be known, and maximum anoxic sludge mass fraction (fxdm) can be 
assumed to be in the form of a primary anoxic reactor. Consequently the process 
denitrification potential Dpp can be calculated by means of Eq (5) with fxl = fxdm· 
Now if the process denitrification potential Dpp of the maximum anoxic sludge mass 
fraction fxdm, is greater or equal to the total equivalent nitrate load, complete 
denitrification is possible for the selected a- and s-recycle ratios. In contrast, 
if the Dpp of fxdm is less than the total equivalent nitrate load, complete denitri-
fication is not possible for the selected a- and s-recycle ratios, and nitrate will 
be present in the effluent. 
Following the above reasoning and assuming the D.O. concentrations in the a- and 
s-recycles are da and ds mgO/£ respectively, the following equation for the effluent 
nitrate concentration Nne for the Bardenpho or Phoredox processes can be developed: 
N d K2T s.d 
{ c 2,8a6Ha 
s 
1 + + -- (s + l)} + 2 86 - D a + s + K3T , pp 
N = (16) ne K K2T { 2T + s(- - 1)} 
K3T K3T 
where 
D = denitrification potential at temperature T°C on the assumption that the 
pp maximum anoxic sludge mass fraction fxdm found from Eq (15a or b) is all 
in the form of a primary anoxic reactor, i.e. Dpp is given by Eq (5) with 
fxl = fxdm· 
Also, the optimum primary and secondary anoxic sludge mass fractions fxl and fx], 
and the total fxdt are given by 
N d d fbs(l - PvYh)Sbi c a s { 
+ s + 1 + 2,86)a 
+ (N + 2,86)s 2 86 } a ne , 
fxl = YhR 
{Sbi (1 + :hTRs) K2T} 
(17) 
{(s + 1) [-a-+_N_sc_+-::-1 
d -] K +_a __ N 2T} 
2,86 ne K3T (18) 
fxdt = fxl + fx3 (19) 
For fixed Rs, µnm20, Tmin and wastewater characteristics (from which fxm (Eq 2), 
fxdm (Eq 15a orb), K2TIK3T (Eqs 7 and 8), Ne (Eq 3) and Dpp (Eq 5) are f?und) and 
selected D.O. concentrations in the a- and s-recycles, the only unknowns in Eqs 
(16 to 18) are the a- and s-recycle ratios. The s-recycle ratio is usually 
specified (at say 1) to obtain satisfactory settling tank performance. Hence Nne, 
fxl and fx3 all depend on the a-recycle ratio only, and hence these three parameters 
can be calculated for various choices of the a-recycle ratio. If Nne ~O,O mgN/£ 
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for some specified s- and selected a-recycle ratios, then complete denitrification 
is possible at these recycle ratios. 
In the solution procedure, if Eq (16) yields Nne <O, Nne must be set equal to zero 
before substitution into Eqs (17 and 18). When Nne has to be set to zero, it will 
be noticed that fxdt obtained from Eq (19) is less than the fxdm assumed to cal-
culate Dpp· The reason for this is that when Nne <O,O, the denitrification 
potential of the maximum anoxic sludge mass fraction,fxdm,is greater than the 
nitrification capacity. By inserting Nne = 0,0 in Eqs (17 and 18), these equations 
give fxl and fx3 that will just produce complete denitrification for the selected 
a- and specified s-recycle ratios, so that fxdt is less than fxdm· 
For the specified s-recycle ratio, the equations above are valid only for a-recycle 
ratios falling between a lower and an upper limit: (i) lower limit; the a-recycle 
ratio must not be lower than that which gives fxl as calculated from Eq (17) less 
than fxlmin as calculated from Eq (9) - if fxl < fxlmin, the rapidly biodegradable 
COD is not completely utilized in the primary anoxic reactor; (ii) upper limit; 
the a-recycle ratio cannot be increased above that which gives fx3 from Eq (18) a 
smaller value than that required to remove only the dissolved oxygen discharged to 
the secondary anoxic reactor, Dp3~(l+s)da/2,86 where Dp3 is given by Eq (6) - hence 
the minimum secondary anoxic sludge mass fraction fx3min is given by 
f 3 . x min (20) 
Only the a-recycle ratios falling between the lower and upper limits specified above 
are valid a-recycle ratios. 
By analyzing the system with a specified s-recycle ratio for increasing values of 
valid a-recycle ratios, then if Nne > 0, Nne and the subdivision of fxdm into fxl 
and fx3,or,if Nne = O, the anoxic sludge mass fraction to just obtain Nne = O, fxdt, 
and its subdivision into fxl and fx3
1
can be plotted versus the a-recycle ratio. 
For design purposes where the process is to operate between temperatures Tmin and 
Tmax, the following sequence of calculations needs to be made to check whether 
complete denitrification can be achieved and if so, to select the optimal 
process configuration: · 














Select Rs and Sf• 
Calculate fxm for Tmin from Eq (2). 
With fxm and Rs calculate Sf for Tmax from Eq (2). 
Estimate Nte for Tmax and Tmin· 
With fup and fus, calculate Ns for Tmax and Tmin for selected Rs from 
Eq (4). 
Calculate Ne from Eq (3). 
Calculate DPP from Eq (5) for Tmax and for Tmin with fxdm given by Eq (15). 
Select s, da and <ls. 
Calculate fxlmin from Eq (9) for Tmax and for Tmin· 
Calculate fx3min from Eq (20) for Tmax and for Tmin· 
Select the a-recycle ratio and calculate 
If Nne < O, set Nne = 0. 
Nne for Tmin from Eq (16). 
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Step 14 With Nne calculate fxl' fx3 and fxdt from Eqs (17 to 19). 
Step 15 Check that fxl ~ fxlmin and fx3 ~ fx3min· If not, discard selected 
a-recycle ratio as invalid. 
Step 16 Repeat steps 12 to 15 for different a-recycle ratios, 
Step 17 Repeat steps 12 to 16 for Tmax• 
Following the procedure above, the design curves for a Bardenpho and a Phoredox 
process were calculated for a sludge age of 25 days treating the raw and settled 
wastewater(characteristics listed in Table 2}for a temperature range of 14°C to 
20°C. Design curves for the Bardenpho process only are shown for both the raw and 
settled wastewater at 14°C in Fig 13 and 20°C in Fig 14. Key response character-
istics for both the Bardenpho and the Phoredox processes are listed in Table 3. 
The analysis ns to whether or not complete denitrification can be achieved must be 
undertaken at the Zo1Jes"t expected temperature (TminJ, because the denitrification 
potential D~p decreases with decrease in temperature. If complete denitrification 
can be obtained at Tmin (i.e. Nne ~ 0 from Eq 16 for some valid a-recycle ratio at 
the specified s-recycle ratio), then fxl is fixed at the highest expected tempera-
ture (Tmax). In repeating the calculation at Tmax it will be found that fxdt at 
Tmax is less than fxdt at Tmin, and for a certain a-recycle ratio, there will be a 
minimum fxdt* (compare Figs 13a and 14a). The fxl value corresponding to the mini-
mum fxdt at Tmax fixes the primary anoxic sludge mass fraction for both Tmax and 
Tmin· For the raw wastewater complete denitrification can be achieved in the 
Bardenpho process (Fig 13a) for any a-~ecycle ratio > 1,8. At 20°C (Fig 14a) a 
minimum fxdt of 0,37 for complete denitrification occurs at.a mixed liquor a-recycle 
ratio of 4,2 and the corresponding fxl and fx3 are 0,16 and 0,21 respectively. 
Hence fxl is fixed at 0,16. Now if fx3 is fixed at the value corresponding to fxl 
at Tmax i.e. 0,21, then fxdt will be insufficient to achieve complete denitrifica-
tion at Tmin. because for a fixed fx1, fxdt at Tmax is less than fxdt at Tmin· 
Hence fx3 is fixed at Tmin at the value corresponding to the fixed fxl = 0,16 i.e. 
fx3 = 0,24- (Fig 13a). Hence fxdt = 0,40 for complete denitrification at 14°C and 
20°C. With fxl and fx3 fixed for both Tmax and Tmin, the optimum performance of 
the process is achieved when it is operated at the a-recycle ratio corresponding 
to the fixed fxl value, this a-recycle ratio being the optimum a0 , i.e. at 14°C a0 
= 3,3 (Fig 13a) and for 20°C, a 0 = 4,2 (Fig 14a). It should be noted that with 
fxl and fx3 fixed, (i) a 0 decreases with decrease in temperature because Dpl de-
creases with decrease in temperature (compare Figs 13a and 14a) and (ii) the use of 
any a-recycle ratio other than a0 results in poorer denitrification performance: 
if a < a 0 , Dpl is not fully exploited and if a > a 0 unnecessarily large quantities 
of D.O. are discharged to the primary anoxic reactor. 
In the design of a Bardenpho or Phoredox process for a selected sludge age, if it 
is found that the total anoxic sludge mass fraction for complete denitrification 
fxdt is less _than the maximum allowed fxdm' the following options are open: 
1) fxl and fx3 can be increased to give a total anoxic sludge mass fraction equal 
to fxdm which introduces a factor of safety for denitrification, the magnitude 
of which is equal to fxdm/fxdt· 
2) The sludge age can be reduced so that fxdm becomes equal to fxdt· The lower 
sludge age will allow a saving in process volume (see Fig 16). This lower 
sludge age Rs, can be estimated as follows: set fxdm equal to fxdt required for 
complete denitrification at Tmin; determine fxm from Eq (15); with fxm 
*If Tmax is less than about 18°C, a clear minimum cannot be discerned (see Fig 13a 
for 14°C). In this event any reasonable fxl can be selected with the proviso 
that complete utilization of the rapidly biodegradable COD can be assured even 
with a significant decrease in K120 (see Eqs 9 and 10). The existence of a mini-
mum, and the temperatures above which it becomes discernable, depends much on the 
choice of the D.O. concentration in the recycles da and <ls· 
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.TABLE 3 Summary of design calculations for the Bardenpho and Phoredo::c processes 
treating raw or settled wastewater at 25 days sludge age. Wastewater 
characteristics given in Table 2. 
Raw Wastewater Settled Wastewater 
Parameter Symbol Units 
Bardenpho Phoredox Bardenpho Phoredox 
Temperature T oc 14 20 14 20 14 20 14 20 
Safety factor Sf 1,3 2,3 1,3 2,3 1,3 2,3 1,3 2,3 
Max.unaerated sludge mass fxm 0,50 0,50 0,50 0,50 0,50 0,50 0,50 0,50 
I j Effluent '.r'KN 
I 
Nte meN/£ 3,0 2,0 3,0 2,0 3,0 2,0 3,0 2,0 
j N for sludge production Ns mgN/£ 12,6 12,2 12,6 12,2 5,7 5,4 5,7 5,4 
I Nitrification capacity Ne rngN/£ 32,4 33,8 32,4 33,8 32,3 33,6 32,3 33,6 
! Anaerobic sludge mass fxa 0 0 0, 10 0, 10 0 0 0,10 0, 10 
I 
~ i Max. anoxic sludge mass fdxm 0,50 0,50 0,40 0,40 0,50 0,50 0,40 0,40 
j I Max. denit. potential Dpp mgN/£ 42,8 53,6 37,0 45,7 30,9 37,7 27,2 32,8 
I D.O. in a-recycle da ~go/.e 2,0 2,0 2,0 2,0 2,0 2,0 2 ,o 2,0 
I 
mgO/£ I D.O. in s-recycle <ls 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 
l 
I Underflow recycle ratio s 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 
I i Prim. anoxic sludge mass fxl ' 0,16 0,16 0,16 0,16 0,34 0,34 0,28 0,28 I 
anoxic sludge mass I I Sec. fx3 0,24 0,21 0,24 0,21 0,16 0,16 0,12 0,12 
I . l 
; Total anoxic sludge mass fxdt 0,40 0,37 0,40 0,37 0,50 0,50 0,40 0,40 
Optimum a-recycle ratio ao 3,3 4,2 3,3 4,2 2,4 4,2 1,4 2,5 
Effluent nitrate I Nne mgN/£ 0,0 ,o,o ,0,0 0,0 5,1 2,9 8,0 6,0 Nitrate recycled to 
anaerobic reactor 
. Nns P.J.gN/£ - - o,o 0,0 - - 8,0 6,0 










Propensity factor Pf mgCOD/£ o,o 0,0 3,25 3,25 o,o o,o 0,0 0,0861 
y coefficient y mgP/ 0,06 0,06 0,22 0,22 0,06 0,06 0,06 0,0661 
mg VASS 
I p removal Ps mgP/£ 3,5 3,3 9,3 8,3 1,9 1,7 1,9 1,8 
Effluent P concentration Pte mgP/£ 6,5 6,7 0, 7 1,7 6,6 6,8 6,6 6,7 
calculate Rs from Eq (2); to check repeat step by step procedure for the new Rs. 
3) For the Phoredox process, fxa can be increased to improve excess P removal, so 
that fxdm = fxdt from Eq (15b). 
Options (2) and (3) above are not recommended as these exclude a factor of safety in 
denitrification. Exclusion of a factor of safety is not critical for N removal in 
the Bardenpho process because it achieves efficient N removal with respect to the 
other N removal process (i.e. the MLE process) up to an effluent nitrate concentra-
tion of about 6 mgN/£. However, exclusion of a factor of safety on denitrification 
for the Phoredox process may have serious consequences because the discharge of any 
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nitrate to the anaerobic reactor severely reduces the P removal obtainable in the 
process (Fig 12). For example, in the calculations above, for the raw wastewater, 
it was found that a total anoxic sludge mass fraction fxdt of only 0,40 is required 
to obtain complete denitrification at the minimum temperature whereas a total un-
aerated sludge mass fraction fxm of 0,50 is allowed. Now if N removal only is 
considered important, a Bardenpho process is appropriate and (i) if a factor of 
safety is required for complete denitrification, option 1 above can be taken i.e. 
fxl and fx3 are increased such that fxl + fx3 = fxm = 0,50, or, (ii) if no factor 
of safety for complete denitrification is required, option 2 above can be taken i.e. 
the sludge age can be reduced such that fxm = fxdt = 0,40. However if both N and 
P removal are required, then the largest anaerobic sludge mass fraction fxa that 
- can be allowed in a Phoredox process is 0,10 because 0,40 is required to achieve 
complete denitrification. With fxa = 0,10 and Nns = 0,0 mgN/£, then for the raw 
wastewater at 14°C and Rs = 25 days, we have from Eqs (11-14) Sbsa = 57,5 mgCOD/£, 
Pf = 3,25 mgCOD/£ and y = 0,22 mgP/mgVASS giving a P removal Ps = 9,3 mgP/£ so that 
20 
with an 'influent Pti of 10 mgP/£, an effluent Pte of only 0,7 mgP/£ is obtained 
(see Table 3). However, setting fxa at its maximum value of 0,10 will leave the 
Phoredox process in a critical condition because to achieve the high P removal of 
9,3 mgP/£, complete denitrification must be assured at all times, but this cannot 
be guaranteed as there is no factor of safety on the denitrif ication. To introduce 
a factor of safety on the denitrification, fxl can be increased at the expense of 
fxa, but this will be at a cost of a reduced P removal (see Eq 12). Alternatively 
the sludge age can be increased thereby allowing a larger fxm (Eq 2); however, the 
increase in sludge age will be at the expense not only of an increased process 
volume (Fig 16) but also a reduced P removal (Fig 11). Clearly the raw wastewater 
influent TKN/COD ratio i.e. 0,08 mgN/mgCOD,is just on the limit for the successful 
implementation of the Phoredox process - any small increase in TKN/COD ratio will 
result in incomplete denitrification,discharge of nitrate to the anaerobic reactor 
and severe deterioration in P removal (Fig 12). 
In a Bardenpho or Phoredox process, if it is found that complete denitrification 
cannot be obtained (i.e. Nne > 0,0 from Eq 16 for all valid a-recycle ratios at the 
specified s-recycle ratio), nitrate will be present in the effluent and it will be 
found that fxdt obtained from Eq (19) is equal to fxdm· Generally, if the objec-
tive is N removal by means of a Bardenpho process, then this process will be 
appropriate only if Nne is less than about 5 to 7 mgN/£; when Nne > 5 to 7 mgN/£, 
the MLE process (Fig 2) for N removal will be the more appropriate process for the 
particular wastewater. If the objective is N and P removal by using a Phoredox 
process, this process will not be appropriate when Nne > 0 because excess P removal 
will be reduced by the discharge of nitrate_to the anaerobic reactor via the under-
flows-recycle - the only viable processes for obtaining excess P removal when Nne 
> 0 will be the UCT processes. 
The criteria for selection of a process set out above can now be applied to the 
examples listed in Table 3: (1) For the Bardenpho process treating the settled 
wastewater, complete denitrification cannot be achieved at either l4°C or 20°C for 
any valid a-recycle ratio, with fxdt = fxm = 0,50 (Figs 13b and 14b, see also 
Table 3). At 14°C (Fig 13b), Nne is approximately 5 mgN/£ depending on the a-. 
recycle ratio, and at 20°C, a minimum Nne = 2,9 mgN/£ at an a-recycle ratio of 4,2 
is obtained. Because Nne < 5 to 7 mgN/£ at Tmin, a Bardenpho process will be 
appropriate for N removal and the optimum subdivision of the unaerated sludge mass 
fraction is found as follows: fxl and fx3 are fixed at Tmax at the values corres-
ponding to the minimum Nne~·~, i.e. for 20°C (Fig 14b), fxl = 0,34 and fx3 = 0,16. 
With fxl and fx3 fixed, the optimum a-recycle ratio a0 at 20°C (Fig 14b) is 4,2 
giving Nne = 2,9 mgN/£; ao at 14°C (Fig 13b) is 2,4 giving Nne = 5,1 mgN/£. (2) 
For the Phoredox process treating the settled wastewater at Rs = 25 days, with fxa 
= 0,10 and fxdm = 0,40 (see Table 3), a minimum Nne of 6 mgN/£ is obtained at 20°C 
with fxl = 0,28, fx3 = 0,12 and a0 = 2,5 and Nne = 8,0 mgN/~ at 14°C with a0 = 1,4. 
With 8,0 mgN/£ nitrate in the effluent and underflow s-recycle, and assuming the 
s-recycle ratio is specified at 1 and contains a D.0. concentration of 1 mgO/£, 
then from Eq (13), the rapidly biodegradable COD concentration in the anaerobic 
reactor (Sbsa) is 16,5 mgCOD/£, which is far below the minimum to achieve excess P 
removal. Hence, from Eq (12), the propensity factor Pf is 0 and, from Eq (14) the 
y coefficient is at its minimum of 0,06 mgP/mgVASS. With y = 0,06, the P removal 
(Ps) at Rs = 25 at 14°C from Eq (11) is 1,9 mgP/£. Because the influent P (Pti) for 
the settled wastewater is 8,5 mgP/£ (Table 2), the effluent P (Pte) is 8,5 - 1,9 = 
6,6 mgP/£. Similarly poor P removal is also obtained at 20°C (see Table 3).Clearly 
-;'\ 
If Tmax is less than 18°C, a clear minimum cannot be discerned (see Fig 13b at 14°C). 
In this event, any reasonable fxl can be selected with the proviso that complete 
utilization of the rapidly biodegradable COD can be assured even with a significant 
decrease in K120 (see Eqs 9 and 10). The existence of a minimum, and the tempera-
ture above which it becomes discernable, depends much on the choice of the D.0. 
concentrations in the recycles, da and ds• 
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the Phoredox process will not function as an efficient P removal facility due to 
incomplete denitrification. 
Usually complete denitrification cannot be obtained once the influent TKN/COD is 
above 0,07 to 0,08 mgN/mgCOD. For TKN/COD ratios above 0,08 mgN/mgCOD, the UCT 
processes are the only viable processes for achieving excess P removal. 
WHEN COMPLETE DENITRIFICATION CANNOT BE ACHIEVED 
When the wastewater characteristics are such that complete denitrification cannot 
be obtained, the only viable processes for excess P removal are the UCT type pro-
cesses. In the design of these processes, the complicating factor, that of 
determining the effluent nitrate concentration in order to estimate the p removal, 
is absent because the UCT processes allow positive exclusion of nitrate from the 
anaerobic reactor despite the presence of an effluent nitrate concentration. This 
facilitates the design of the processes in that N and P removal can be dealt with 
separately. 
With regard· to design of N removal in the UCT processes, the N removal behaviour 
of these processes is similar to that of the MLE process except that for .the same 
maximum unaerated sludge mass fraction (fxm), the maximum anoxic sludge mass frac-
tion for denitrification (fxdm) for the UCT processes is less than that for the MLE 
process due to the requirement of an anaerobic reactor for excess P removal, i.e. 
Eq (lSa) applies to the MLE process and Eq (lSb) to the UCT type processes. For 
the selected Rs, Sf, µnm20, Tmin and wastewater characteristics, fxm (Eq 2), 
Ne (Eq 3), fxdm (Eq lSa orb) and Dpp (Eq 5 with fxl = fxdm) for the MLE or UCT 
processes are found by the identical procedure as for the Bardenpho or Phoredox 
processes (i.e. steps 1 to 8). For the MLE and UCT type processes, the best deni-
trification performance is obtained when the anoxic reactor is just loaded with 
nitrate to its denitrification potential. For a specified s-recycle ratio, the 
mixed liquor a-recycle ratio which loads the anoxic reactor to its denitrif ication 
potential is the optimum a-recycle ratio, a0 , and will yield the minimum effluent 
nitrate concentration. When the nitrate load imposed on the anoxic reactor by the 
a- and s-recycles (including D.O. concentrations in the a- and s-recycles of da and 
ds mgO/£ respectively), is less than or equal to the denitrification pote~tial (Dpp), 
the nitrate concentration in the outflow of the anoxic reactor is zero and that in· 
the aerobic reactor and effluent is Nc/(a+s+l) i.e. the nitrification capacity 
"diluted" into the total flow entering the aerobic reactor. Equating the nitrate 
load on the anoxic reactor imposed by the a- and s-recycles (including the D.O. in 
the recycles) to the denitrification potential Dpp and solving for the a-recycle 
ratio yields ao; 
a 
0 
= {-B + fB2 + 4AC } /(2A) 
where A da/2,86 
B = ~c-Dpp + {(s+l)da + s.ds}/2,86 
C (s+l)(Dpp - sds/2,86) - sNc 
(21) 
The effluent nitrate concentration Nne for any a-recycle ratio less than or equal 
to a0 is given by Eq (22) but will be a minimum when a = a0 , i.e. 
Nne = Nc/(a + s + 1) mgN/£ (22) 
In the design of an MLE process, it will be found the lower Ne is with respect to 
Dpp (i.e. the lower the influent TKN/COD ratio) the lower the Nne and the higher 
the a 0 • In practice, to operate an MLE process with an a0 -recycle ratio greater 
than 6:1 will be uneconomical: the increase in nitrate removal by increasing a0 
from 6 to 10 is only 5% and, therefore, will not be cost-effective with respect to 
the increased pumping costs. Hence, the N removal of the MLE process is restric-
ted by a maximum a-recycle ratio of say 6, which results in a minimum Nne of 5 to 
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7 mgN/£. This restriction on the MLE process will not be a problem in practice 
because high a 0 are only required for wastewaters with low TKN/COD ratios (< 0,10 
mgN/mgCOD) and these wastewaters are more effectively treated in a Bardenpho pro-
cess (see section above). Alternatively>if near-complete or complete N removal 
is not essential, the sludge age can be reduced; for a fixed TKN/COD ratio this 
reduces Dpp (because fxrn is reduced) with respect to Ne and hence reduces a 0 • The 
optimum Rs for the fixed TKN/COD ratio can be found using the procedure of 
van Haandel et al. (1982). 
In the design for N and excess P removal in the UCT type processes, the conditions 
in the anaerobic reactor for excess P removal are independent of the denitrif ica-
tion behaviour of the processes for TKN/COD ratios up to about 0,14 mgN/mgCOD. 
The rapidly biodegradable COD concentration in the anaerobic reactor (Sbsa) can be 
found directly from Eq (13a and c) without the need for selecting Rs or µmn20: 
Sbsa depends only on the influent COD strength (Sti), the rapidly biodegradable COD 
fraction (fbs) and the r-recycle ratio from the anoxic to the anaerobic reactor. 
The r-recycle ratio usually is selected at 1:1; higher ratios lead to greater 
dilution of Sosa with a concomitant reduction in P removal and lower values lead to 
inordinately large anaerobic reactor volume fractions with respect to the anaerobic 
sludge mass fractions (see Eqs 27 to 30). Selecting r = 1 and the nitrate and 
D.O. concentrations in the r-recycle of say 1 mgN/£ and 1 mgO/£ to include a factor 
of safety for. excess P removal, then Sbsa can be calculated from Eqs (13a and c), 
and will remain unchanged irrespective of the temperature. Knowing Sbsa. the 
propensity factor Pf can be calculated from Eq (12) for a selected anaerobic sludge 
mass fraction fxa, and from the Pf value, the y coefficient can be calculated from 
Eq (14). Knowing y, the P removal from the particular wastewater can be calcula-
ted from Eq (11) for a selected sludge age (Rs). The P removal should be deter-
mined at Tmax because, for a constant Sbsa or y, the P removal at. Tmax is less than 
at Tmin (Fig 11). Hence, for various values of fxa, the P removal at different 
sludge ages can be calculated,and estimates of fxa and Rs giving the desired or 
optimal P removal can be found. In selecting fxa. it is recommended that fxa 
should not be less than 0,10 and not greater than 0,20: for fxa < 0,10, the p 
removal usually will be inadequate even at relatively short sludge ages for normal 
wastewaters, particularly for settled wastewaters; for fxa > 0,20 no experimental 
response data are available so that,it may be risky to accept fxa > 0,20. At fxa 
= 0,20, the process has been found to operate satisfactorily (Siebritz et al. 1982). 
With regard to selecting Rs, cognizance must be taken of its effect on the maximum 
unaerated sludge mass fraction fxm (Eq 2) because, with fxa fixed, fxm fixes the 
maximum anoxic sludge mass fraction fxdm (Eq lSb) which, in turn, governs the de-
gree of denitrification that can be achieved. 
Once fxa and Rs are selected, the denitrification can be calculated by applying the 
design equations for N removal in the MLE process, except that fxdm is given by the 
difference between fxm and fxa (see Eq lSb). 
For design purposes, where the process is to operate between temperatures Tmin and 
Tmax, the following sequence of calculations is recommended to facilitate selection 
of the optimal process configuration for N and P removal in the UCT process: 








Select r (usually 1,0) and Nnr and dr (say 1 mg/£ each). 
Calculate Sbsa from Eqs (13a and c). 
Select fxa (between 0,10 and 0,20). 
Calculate Pf from Eq (12) and y from Eq (14). 
Select Rs. 












Calculate fxm for Tmin from Eq (2). 
With fxm and Rs calculate Sf for Tmax from Eq (2). 
Estimate Nte for Tmax and Tmin· 
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With fup and fus' calculate Ns for Tmax and Tmin for selected Rs from 
Eq (4.). 
Calculate Ne from Eq (3). 
Calculate Dpp from Eq (5) for Tmax and for Tmin with fxdm given by 
Eq (15b). 
Select s, da and ds. 
Calculate a0 from Eq (21) and Nne from Eq (22). 
Are Ps and Nne adequate? If Ps is too low, increase fxa or reduce Rs -
these changes will increase Nne; If Ps is too high, decrease fxa or 
increase Rs - these changes will decrease Nne· 
Step 18 : Repeat from steps 4 to 16 until required or optimal Ps and Nne is obtained. 
The design calculations for the UCT process are illustrated by following the step 
by step procedure for the raw and settled wastewater characteristics listed in 
Table 2 at 14°C and 20°C for a sludge age of 20 days and an anaerobic sludge mass 
fraction of 0,15. The results are listed in Table 4. 
For the raw wastewater at 14°C and 20°C, more P can be removed than is present in 
the influent so that complete P removal is attained with a factor of safety. The 
effluent nitrate concentrations are 6,5 mgN/£ at 14°C and 4,4 mgN/£ at 20°C. 
Comparing these results with those of the Phoredox process (Table 3), it can be 
seen that the Phoredox does not quite attain complete P removal but attains complete 
N removal, so that it would appear that the effluent quality from the Phoredox 
process is better than that from the UCT process. However the Phoredox requires 
a sludge age of 25 days whereas the UCT process requires only 20 days leading to a 
15% saving in process volume (Fig 16). Furthermore the UCT process incorporates 
a factor of safety for complete P removal (i.e. dr = 1,0 mgO/£, Nnr = 1,0 mgN/£ 
and Ps > Pti) whereas the P removal in the Phoredox process is dependent on the 
attainment of complete N removal without a factor of safety so that any increase in 
TKN/COD ratio will severely reduce the P removal. Consequently, although the UCT 
process yields a poorer N removal, the P removal will be attained with greater 
surety. Furthermore, if the actual TKN/COD ratio is greater than that accepted 
for design, the P removal can be nevertheless attained by operational adjustments 
in the process, up to TKN/COD ratios up to about 0,13 mgN/mgCOD. The upper limit-
ing TKN/COD ratio can be calculated by testing higher TKN/COD ratios on the final 
configuration. 
For the settled wastewater, the P removal (Ps) at 14°C is 6,7 mgP/£ and at 20°C is 
5,9 mgP/£, leaving 1,8 and 2,6 mgP/£ in the effluent at 14°C and 20°C respectively 
and the effluent nitrate concentrations (Nne) are 11,6 and 9,9 mgN/£ at 14°C and 
20°C respectively. If Ps is insufficient, then fxa can be increased to its 
maximum of 0,20, but the increase will result in a poorer N removal, i.e. at fxa = 
0,20, Ps = 7,6 mgP/£ and Nne = 13,1 mgN/£ at 14°C and Ps = 6,6 mgP/£ and Nne = 12,0 
mgN/£ at 20°C. If the N removal at fxa = 0,20 is insufficient, then Rs can be 
increased to improve the N removal, but the increase in Rs will cause a decrease in 
P removal and also will be at the expense of a larger process volume (see Fig 16), 
i.e. at Rs = 25 days, Ps = 6,4 mgP/£ and Nne = 10,l mgN/£ at 14°C and Ps = 5,6 mgP/ 
£ and Nne = 7,9 mgN/£ at 20°C. Comparing the P and N removals at Rs = 20 days and 
fxa = 0,15 with those at Rs = 25 days and fxa = 0,20, it can be seen that Ps in the 
former design is slightly higher than in the latter and that the N removal in the 
former is slightly poorer than in the.latter. This shows that for high P removals 
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TABLE 4 Suinmary of design calculations for the UCT processes treating raw and 
settled wastewaters at 20 days sludge age. Wastewater characteristics 
given in Table 2. 
Symbol Units Raw Settled Parameter 
Wastewater Wastewater 
Temperature T oc 14 20 14 20 
Nitrate in r-recycle Nnr mgN/£ 1,0 1,0 1,0 1,0 
D.O. in r-recycle dr mgo/.e 1,0 1,0 1,0 1,0 
Influent biod. COD Sbi mgCOD/£ 492 492 317 317 
Rapidly biod. COD fraction fbs - 0,24 0,24 0,33 0,33 
r-recycle ratio r - 1,0 1,0 1,0 1,0 
Rapidly biod. COD in anaer. s 
bsa mgCOD/£ 53,3 53,3 46,5 46,5 
Propensity .factor Pf mgCOD/£ 4,24 4,24 3,22 3,22 
y coefficient y mgP/ 
mg VASS 0,25 0,25 0,22 0,22 
p removal Ps mgP/£ 12,1 10,7 6,7 5,9 
Effluent P Pte mgP/£ 0,0 0,0 1,8 2,6 
Factor of safety Sf - 1,3 2,4 1,3 2,4 
Max. unaerated sludge mass fxm I - 0,40 0,40 0,40 0,40 
Effluent TKN Nte mgN/£ 3,0 2,0 3,0 ·2 ,0 
N for sludge production Ns mgN/£ 13,2 12,8 6,1 5,8 
Nitrification capacity 
~ Ne mgN/£ 31,8 33,2 31,9 3},2 
Max. anoxic sludge mass fxdm - I 0,25 0,25 0,25 0,25 
I I 
Denitrification potential Dpp mgN/£ 27,7 33,0 21,2 24,6 
Underflow recycle ratio s - 1,0 1,0 1,0 1,0 
D.O. in a-recycle da mgo/.e 2,0 2,0 2,0 2 ,o 
D.O. in s-recycle ds mgo/.e 1,0 1,0 1,0 1,0 
Opt. a-recycle ratio ao - 2,91 5,5 0,75 1,35 
Effluent nitrate Nne mgN/£ 6,5 4,4 11,6 9,9 
it is preferable to have short sludge ages rather than large fxa values and that 
to obtain the improved P removal, some N removal must be sacrificed. Clearly in 
the UCT process, good P or N removal can be traded off against each other depend-
ing on the critical nutrient to be removed, by appropriate adjustment of fxa and 
Rs; once fxa and Rs are fixed the removals of N and P per unit influent COD are 
fixed so that the effluent N and P then depends only on the content of N and P in 





















Comparing the N and P removals attainable treating raw wastewater with that attain-
able treating settled wastewater, it can be seen that because primary sedimentation 
increases the P/COD and TKN/COD ratios, the high removals of P and N that can be 
attained treating raw wastewater cannot be attained treating settled wastewater. 
However, the high P and N removals attainable treating raw wastewater compared to 
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those treating settled wastewater is at the expense of significantly larger process 
volumes (~ 100% larger, see Fig 16) and increased total oxygen demand (~ 30% more, 
see Fig 17). 
Having completed the design for the UCT process, if the influent TKN/COD ratio is 
less than about 0,11 to 0,12 mgN/mgCOD, the process may be converted to a modified 
UCT process (Fig 6). The conversion is done by subdividing the anoxic sludge mass 
fraction (fxdm) into two sub-fractions; the first is usually allocated a sludge 
mass fraction fxdl of about 0,10, and the second, fxd2, having the remaining sludge 
mass fraction i.e. fxd2 = fxdm-fxdl· Having made this subdivision, the possibility 
of operating the modified UCT process (Fig 6) as a UCT process (Fig 5) is not ex-
cluded; by making provision that the r-recycle flow to the anaerobic reactor can be 
taken from either the first or the second anoxic reactors, the process can be opera-
ted as either a modified UCT or a UCT process (Fig 15). The advantages of operat-
ing the process as a modified UCT process were set out in detail earlier. 
It is necessary to check whether or not the modified UCT/UCT process combination 
can be operated as a modified UCT process. For successful operation of the modi-
fied process, the denitrification potential of the first anoxic reactor must be 
greater than, or at least equal to the equivalent nitrate load on the reactor at the 
minimum expected temperature (TminJ. The denitrification potential is calculated 
by substituting fxdl = 0,10 for fxl in Eq (5). The equivalent nitrate load is 
found from the effluent nitrate concentration (Nne) from the UCT process, the s-
recycle ratio and the D.O. concentration in the s-recycle (ds) i.e. the equivalent 
nitrate load is s(Nne + ds/2,86). For TKN/COD ratios< 0,12 mgN/mgCOD, it will be 
found that the denitrification potential is sufficient to denitrify the equivalent 
nitrate load with a reasonable factor of safety (Sfd) e.g. at 14°C and Rs = 20 days 
(see Table 4), for the raw wastewater D~ = 19,4 mgN/£ for fxdl = 0,10 and the equi-
valent nitrate load is 6,8 mgN/£ for Nne = 6,5 mgN/£, s = 1 and <ls = 1,0 mgO/£ and 
hence the factor of safety Sfd = 19,4/6,8 = 2,8; for the settled wastewater, Dp = 
15,8 mgN/£ and the equivalent nitrate load is 11,9 mgN/£ for Nne = 11,6 mgN/£, s 
1 and <ls = 1,0 mgO/£ and hence Sfd = 1,33. 
By setting fxdl = 0,10,usually it will be found that the reactor is sufficiently 
large for complete utilization of the influent rapidly biodegradable COD (SbsO· 
This can be checked by means of Eq (9). If Tmin is less than 14°C, it may be 
found from Eq (9) that 0,10 is insufficient for complete utilization of the Sbsi. 
In this event, fxdl can be increased slightly to a maximum of 0,12. Values of 
fxdl > 0,12 are not recommended because for temperatures > Tmin, the reactor will 
be over-designed leading to a reduced nitrogen removal efficiency of the process. 
By designing the first anoxic reactor (fxdl) to allow the possibility of complete 
or near complete utilization of the Sbsi, the process can achieve excess P removal 
up to the TKN/COD ratio at which Sbsi is completely utilized. This TKN/COD ratio 
can be calculated by trial and error by testing increasing TKN/COD ratios on the 
process. 
Generally it will be found that the higher the TKN/COD ratio, the lower the factor 
of safety Sfd for complete denitrification of the equivalent nitrate load on the 
first anoxic reactor. When Sfd < 1,1, the prospect of operating the modified UCT/ 
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ratio of the influent are such that opera-
tion of the modified UCT process is not 
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process. In the UCT process, if the a-recycle ratio is too low to produce an 
actual anoxic retention time lower than 1 hour, poor sludge settling characteristics 
are likely to be obtained, and have to be taken into account in the design of the 
secondary settling tanks. 
When the influent rapidly biodegradable COD fraction and TKN/COD ratio are such that 
operation of a modified UCT process is possible, the mixed liquor a-recycle ratio is 
set at the greater value of two lower limits i.e. (1) that which loads the second-
ary anoxic reactor to its denitrification potential or (2) that which will produce 
an actual anoxic retention time of less than 1 hour. The first limit is calcula-
ted with the aid of Eq (21) except that Dpp is replaced by the denitrification 
potential of the second anoxic reactor, which can be calculated by substituting the 
anoxic sludge mass fraction of the second anoxic reactor fxd2 for fxl in Eq (5). 
The secor~d limit is found by calculating the volume of the second anoxic reactor as 
set out below (see Eqs 26 to 30) and with the specified s-recycle ratio and influent 
flow rare, finding the a-recycle ratio which would produce an actual retention time 
of 1 hour. 
PROCESS VOLUME REQUIREMENTS AND OXYGEN DEMAND 
(1) Process Volume Requirements 
Having determined the subdivision of the sludge mass into anaerobic, anoxic and 
aerobic fractions for optimal removals of N and P for the particular wastewater 
characteristics, the actual sludge mass in the process needs to be calculated to 
determine the volumes of the reactors. The mass of volatile sludge (MLVSS) in an 
activated sludge process (MXv) is given by Marais and Ekama (1976) as 
(1-f -f ) Y R f 
{ us up h s up MXv = Q.Sti ) (l+fbhTRs) + ~p } 
(1 + bhTRs v 
(kgVSS) (23) 
From Eq (23), MXv can be seen to be a function of the sludge age and directly pro-
portional to the daily COD mass load (Q.Sti). The volume (Vp) of the pro£ess 
follows from a particular choice of the mean process MLVSS concentration (Xv) i.e. 
V = MX /X 
p v v (24) 
and the average nominal hydraulic retention time (Rhn) is found from the average 
flow per day (Q) i.e. 
R. = v /Q. --hn p (d) (25) 
From Eqs (23 to 25) the following important conclusion can be drawn: Rhn is inci-
dental to the COD mass load (Q.Sti), the sludge age (Rs) and the choice of the mean 
MLVSS concentration (Xv) i.e. Rhn serves no basic kinetic function; it arises only 
as a consequence of the need for "diluting" the mass of sludge to a concentration 
that can be readily handled by the secondary settling tanks. The presence of in-
organic solids in the sludge does not affect these conclusions; for a particular 
wastewater, this fraction can be included by a suitable choice of the MLVSS/MLSS 
ratio (f i). 
The process volume requirements for raw and settled wastewater per unit raw COD 
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Fig l? Carbonaceous, total includi~g ni-
trification and total 1'.ncluding 
nitrification and denitrification 
oxygen demand per unit COD load ver-
sus sludge· age .for raw wastezJate::' 
(see Table 2). 
In Fig 16 the process volume requirements in m3/kg total raw COD load is .shown 
versus Rs for the raw and settled wastewaters given in Table 2 for different con-
centrations of Ml.SS (inkg/m3); primary sedimentation -o1as assumed to remove 40% of 
the raw COD load (frps = 0,40) and the MLVSS/MLSS ratios of the sludges pr.oduced 
from raw and settled wastewaters are assumed to be 0,75 and 0,83 respectively. On 
the right hand side of Fig 16, the process volume requirements are given in !!,/capita 
on the basis of a rauJ COD load per capita of 0,10 kgCOD/d. The process volume re-
quirements per unit raw COD load increases as the sludge age increases and for 
settled wastewater the volume requirements are less than 50% of that required for 
raw wastewater i.e.for Rs= 25 days and Xt = 4 kg/m3,145 £/capita process volume is 
required for raw wastewater but only 60 l/capita for settled wastewater. As slud-
ge production increases slightly with decrease in temperature, the process volume 
requirements should be based on the lowest expected temperature Tmin' but the diff-
erence between that at Tmin and Tmax is less than 5%. 
Knowing the·total volume of the process, the volumes of the reactors can be found 
for the different processes. For the Bardenpho, Phoredox and MLE processes (Figs 
1 to 3) the fractional volumes of the total volume of the different reactors are 
equal to the sludge mass fractions e.g. if the anaerobic sludge mass fraction is 
0,10, then the anaerobic reactor volume is a fraction 0,10 of the total volume. 
Also concentrations of sludge in all the reactors are equal to selected mean MLSS 
concentration Xt. 
In the UCT processes (Figs 5, 6 and 15) the sludge concentrations are not the same 
in the reactors so that the volume and sludge mass fractions are not equal. The 
volume fraction fva and the sludge concentration Xta in the anaerobic reactor are 
given by 
f - . -= f { (1 + r) I ( r + f ) } 




The ratio of the volume fraction to the sludge mass fraction for the anoxic and 
aerobic reactors is given by 
= 1 - {f /(r + f )} 
xa xa 
(29) 
where fvd and fvb are the volume fractions and fxd and fxb are the sludge mass 
fractions of the anoxic and aerobic reactors respectively. The sludge concentra-
tions in the anoxic (Xtd) and aerobic (Xtb) reactors are equal and are given by 
(30) 
from Eq (30) it can be seen that the sludge concentrations in the anoxic and aero-
bic reactors are greater than the selected mean concentration Xt· For r = 1 and 
fxa = 0,15, Xtd and Xtb are 15% higher than Xt. The aerobic reactor sludge con-
centration Xtb·is discharged to the secondary settling tanks. Consequently, the 
fact that in the UCT processes the feed sludge concentration to settling tanks is 
greater than the mean sludge concentration, must be taken into account in the de-
sign of the secondary settling tanks. 
It should be noted that if the above procedure is used for calculating the volumes 
of the reactors in the Phoredox or UCT type processes, it will be found that for 
the same COD mass load, sludge age and temperature, the totaZ volucre of the UCT 
type processes is the same as that for a Phoredox process for the same average 
sludge concentration; however the sludge_mass in the UCT type processes is not 
uniformly distributed which leads to a higher than average sludge concentration in 
the aerobic and anoxic reactors. 
If in the UCT type processes, a certain S•~lected sludge concentration must not be 
exceeded in the process to facilitate the design of the secondary settling tanks, 
the following alternative procedure can be used to calculate the volumes; if the 
anaerobic sludge mass fracfliion is fxa, then the remaining sludge fraction (1-fxa) 
is diluted into the anoxic and aerobic reactors at the specified concentratioo Xtb 
i.e. the volume of the anoxic and aerobic reactors is (1-fxa).MXtfXtb· The sub-
division of this volume into the correct anoxic and aerobic reactor volumes is 
easily found from the anoxic and aerobic sludge mass fractions- because the sludge 
mass is uniformly distributed in these reactors of the process. Now the sludge 
concentration in the anaerobic reactor Xta is a fraction r/(l+r) of the concentra-
tion in the aerobic reactor Xtb i.e. Xta = Xtb r/(l+r). Knowing the mass of 
sludge in the anaerobic reactor i.e. fxa MXt and the concentration, the volume of 
the anaerobic reactor is given by fxa MXt/Xta· If the volume of the UCT type pro-
cesses is calculated by this alternative method, it will be found that the volume 
of the UCT type process is greater than that of the corresponding Phoredox process 
(by about 15% for fxa = 0,15) for the same aerobic reactor sludge concentrations. 
(2) Total Oxygen Demand 
The total oxygen demand in a nutrient removal process is the sum of that required 
for carbonaceous material (COD) degradation and nitrification less that recovered 
by denitrification. 
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(31) 
The daily average nitrification oxygen demand is found from the mass of TKN con-
verted to nitrate: for every mg TKN-N nitrified to nitrate, ·4,57 mg 0 are required. 
The concentration of TKN per £ influent nitrified to nitrate is given by the nitri-
fication capacity. Hence the nitrification oxygen demand is given by 
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MO = 4,57.N .Q (kg O/d) 
n c (32) 
The oxygen recovered by denitrification is found from the mass of nitrate denitri-
fied: for every mg N03-N denitrified, 2,86 mg 0 are recovered. The concentration 
of nitrate per .e influent denitrified is the difference between the nitrification 
capacity Ne and the effluent nitrate concentration Nne· Hence the oxygen recovered 
by denitrification is given by 
MOd = 2,86.(N -N ).Q (kg O/d) 
c ne (33) 
Hence the average total mass of oxygen requ{red per day in the aerobic sludge mass 
fraction of the process is given by: 
MOt = MOc + MOn - MOd (kg O/d) (34) 
The carbonaceous oxygen demand per unit COD load (MOc/(Sti·Q), Eq (31) divided by 
Q.Sti) versus sludge age Rs at 14°C and 20°C is shown in Fig 17 for the raw waste-
water characteristics given in Table 2. From Fig 17 it can be seen that for Rs > 
15 days; the increase in MOc/CSti·Q) with increase in Rs is marginal and that MOc/ 
(Sti·Q) is slightly higher at 20°C than at 14°C. 
For a purely aerobic process, nitrification is likely for Rs > 4 days and is almost 
certain at Rs > 8 days for temperature above l4°C. For Rs > 8 days the nitrifica-
tion oxygen demand per unit COD load (MOn/(Sti·Q), Eq (32) divided by Q.Sti) for 
the raw wastewater at 14°C is added to carbonaceous demand and also shown in Fig 17. 
Figure 17 shows that for the raw wastewater MOn/(Q.Sti) is about 40% of MOc/(Q.Sti) 
or about 28% of the combined total. These fractions depend largely on the influent 
TKN/COD ratio; the higher the ratio, the higher the proportion of MOn with respect 
to MOc. 
For Rs > 12 days, denitrification becomes possible. The oxygen demand recovered 
by denitrification (assumed complete) per unit COD load (MOd/(Sti.Q), Eq (33) divi-
ded by Q.Sti) is deducted from the sum of the carbonaceous and nitrification oxygen 
demands for the raw wastewater at 14°C and the resulting total (MOt/(Sti·Q) (i.e. 
Eq (34)) is shown on Fig 17. Figure 17 shows that with complete denitrification 
about 60% of the nitrification oxygen demand can be recovered. This demonstrates 
that in achieving high N removals, only about 20% more oxygen is required than for 
COD degradation only. 
A plot similar to Fig 17 for raw wastewater also can be drawn for settled waste-
water. In such a plot it will be found that for settled wastewater (i) MOc/(Q.St) 
is marginally higher than for raw wastewater - this is because a larger fraction of 
the total settled wastewater COD is biodegradable, (ii) MOn/(Q.Sti) is greater than 
that for raw wastewater - this is because the TKN/COD ratio for settled wastewater 
is higher than for raw wastewater (see Table 2); for settled wastewater MOn/(Q.Sti) 
is about 50% of MOc/(Q.Sti) or about 40% of the combined total, (iii) less oxygen 
can be recovered by denitrification because with the high TKN/COD ratio complete de-
nitrification cannot be achieved; only about 40% of the nitrification oxygen dem-
and can be recovered by denitrification. 
Comparing the total oxygen demand for raw and settled wastewaters, a saving of about 
30 to 40% in total oxygen demand (including denitrification) can be made by treating 
settled wastewater. This saving is possible because primary sedimentation reduces 
the COD load on the biological process by 35 to 45%. 
Knowing the average total oxygen demand from Eqs (31 to 34) above, the peak total 
oxygen demand can be roughly estimated by means of a simple design rule. From a 
large number of simulations with the general dynamic model it was found that 
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-provided the factor of safety on nitrification (Sf) is greater than 1,3, the rela-
tive amplitude {(Peak-average)/average} of the total oxygen demand is a fraction 
0,50 of the relative amplitude of the total oxygen demand potential of the influ-
ent COD and TKN load {Q.(Sti + 4,57.Nti)}. For example if the peak influent oxy-
gen demand potential is obtained at a time of day when Q = 87,3 M£/d, Sti = 525 
mgCOD/£ and Nti = 49,9 mgN/£ and the average COD and TKN loads are 23200 kgCOD/d 
and 2540 kgN/d then the relative amplitude of the influent oxygen demand potential 
is 0,89; hence the relative amplitude of the total oxygen demand is roughly 0,50. 
0,89 = 0,44; if the average total oxygen demand is 868 kgO/hr, then the peak total 
oxygen demand is approximately 1,44.868 = 1250 kgO/h. As with all simplified 
design rules, the above rule should be used with discretion and caution, and where 
possible, the peak total oxygen demand is best estimated by means of the general 
dynamic 2ctivated sludge model. 
DISCUSSION 
Process Selection 
In the design of biological nutrient removal plants, the following broad guidelines 
can be given to assist in process type selection: 
1) If the rapidly biodegradable COD concentration in the influent, Sbsi, is less 
than 60 mgCOD/£ (irrespective of the influent COD strength) excess P removal is 
unlikely to be achieved in any of the processes. 
2) If Sbsi > 60 mgCOD/£, excess P removal can be achieved provided nitrate can be 
excluded from the anaerobic reactor. Whether or not nitrate can be excluded 
from the anaerobic reactor depends on the influent TKN/COD ratio and the process 
type. The limits given below apply only where complete nitrification is obli-
gatory - where complete nitrification is not obligatory, nitrate discharge .to 
the anaerobic reactor can be avoided by limiting nitrification by, e.g. limiting 
the oxygen supply to the process, but such a strategy falls more in line with an 
emergency action than a design criterion. 
i) If the TKN/COD < 0,07 mgN/mgCOD, complete nitrate removal is possible and 
the Phoredox process is indicated. 
ii) If 0,07 < TKN/COD < 0,11 complete nitrate removal no longer is possible, 
but nitrate can be excluded from the anaerobic reactor by using the modi-
fied UCT process. 
iii) If 0,11 < TKN/COD < 0,14, the modified UCT process no longer can exclude 
nitrate from the anaerobic reactor and the UCT process is indicated provi-
ded the a-recycle ratio is carefully controlled. However, poor settling 
sludges may be encountered. 
iv) If TKN/COD > 0,14 it is unlikely that biological excess P removal will be 
achieved with normal municipal wasteflows. 
Influent Strength 
The ratio of the rapidly biodegradable COD concentration with respect to the total 
i.e. Sbsi/Sti is approximately 0,20 for raw municipal wastewater (i.e. fbs ;.;: 0,24) 
and approximately 0,30 for settled municipal wastewaters (fbs = 0,33) (see Table 2). 
Consequently, the lower the influent COD strength (Sti), the lower the Sbsi; when 
Sti for raw wastewater is less than about 250 mgCOD/£, Sbsi is about 50 mgCOD/£ and 
attainment of excess P removal for r or s-recycle ratios of 1:1 is unlikely or 
sporadic even if the process is correctly selected and optimally designed. Con-
versely, the higher the Sti. the higher the Sbsi and the easier it is to establish 
the conditions for excess P removal and obtain high P fractions in the active mass 
(y). As y is a function of both (Sbsa-25) and the anaerobic sludge mass fraction 
fxa. the adverse effect of low (Sbsa-25) at low Sti can be countered to a degree 
by increasing fxa to its maximum of 0,20. The following guidelines based on raw 
COD strengths are not unreasonable for an initial estimate of fxa to obtain optimal 
~ removals: Sti < 400 mgCOD/£, fxa = 0,20; 400 < Sti < 700, fxa = 0,15; Sti > 700, 
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fxa = 0,10. The initial estimates must be modified depending on the influent P/COD 
ratio and the Shsi concentration. 
Influent Rapidly Biodegradable COD concentration and TKN/COD ratio 
1) The crucial importance of the influent rapidly biodegradable COD concentration 
(Sbsi) on excess P removal makes it important to avoid those conditions that can 
reduce Sbsi. e.g. 
i) Hydraulic jumps, cascades, aerated grit channels raise the D.O. of the in-
fluent and lead to utilization·of Sbsi in the anaerobic reactor. 
ii) Op<~n Archimedian screw pumps also entrain D.O. into the influent and re-
cycle flows. 
iii) Septic tanks in the sewer system discharge effluents devoid of Sbsi and with 
l:l high TKN/COD ratio. Septic tanks should be taken out of commission and 
the domestic Wdstewater discharged direct to the sewerage system. 
iv) Stormwater ingress and groundwater infiltration into the sewerage system 
dilute the wastewater strength and hence also Sbsi· 
2) Wastewater characteristics favourable for high biological P and N removals are 
low.TKN/COD and P/COD ratios, high COD strengths and rapidly biodegradable COD 
concentrations, and high maximum specific growth rates of the nitrifiers at 20°C 
(µnm20). Consequently when framing industrial effluent policies, cognizance 
should be taken of the effects of industrial discharges on the municipal waste-
water characteristics. For example, brewery wastewaters have very low TKN/COD 
ratios, gas-works wastewaters have high TKN/COD ratios and metal finishing in-
dustry wastewaters contain heavy metals which may cause a significant reduction 
in the µnm20 value. 
Inplant D.O. Control 
Unless the D.O. is controlled to remain in the range 1,5 to 3,0 mgO/£, the P remo-
val can be adversely affected: If too high, denitrification will be reduced, 
especially in the small first anoxic reactor of the modified UCT process, causing 
nitrate to be discharged to the anaerobir. reactor. If too low, the P removal may 
be reduced due to incomplete uptake in the aerobic reactor, or nitrification will 
be adversely affected and poor settling s:udges may develop. In P removal plants, 
even if optimally designed, failure in the requirement for close oxygen control is 
likely to be one of the main causes for poor or erratic P removal performance. 
The problem of proper D.O. control is a severe one particularly under cyclic flow 
and load conditions in small plants; the present reliability and stability of moni-
toring instruments is poor, so that inplant D.O. control normally is manual and 
relies heavily on operator judgement. Under equalized flow and load conditions, 
manual D.O. control is feasible and the only monitoring equipment required is a 
manually operated D.O. meter. Flow and load equalization is now readily achiev-
able by installing an equalization tank upstream of the plant and operating it by 
a micro-computer based control strategy to give optimal equalization of both flow 
and load. The continuous monitoring equipment required is of a simple, reliable 
and stable kind involving only liquid level measurements. The modern micro-
computer likewise is reliable, and inexpensive and should not be a cause for 
apprehension, even when installed on small works (Dold, Buhr and Marais, 1982). 
In the operation of the equalization tank, a factor of crucial importance with 
unstirred tanks (mixing by aeration to be avoided) is to design and operate the 
tank such that the solids that settle during the day are flushed out eacy day. If 
this precaution is not heeded, a sludge layer will accumulate and remova a signi-
ficant fraction of the Sbsi by fermentation (Nicholls a.nd Marais, 1982). 
Sludge Disposal Practices 
1) When the anaerobic digestor cannot accommodate the thickened waste activated 
sludge, often the sludge is discharged to a point prior to the primary settling 
tanks. This practice can cause a significant reduction in Sbsi particularly if 
the influent flow is lifted by Archimedian screw pumps to the inlet works. 
Such excess waste sludge s~1ould be returned to the aerobic rea~tor. 
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2) Avoid discharge of waste activated sludge to the sewerage system for sludge 
handling at another wastewater treatment facility lower down the sewer line. 
This practice can cause a significant reduction in Sbsi· 
Solid Waste Practices 
In South Africa, garbage grinding and disposal to sewers is not common. Whenever 
garbage grinding is practised, the fraction of unbiodegradable particulate COD (fup) 
will be higher than the 0,13 value accepted in this paper. From an analysis of 
data reported in Canada (Sutton et ai. 1979), van Haandel and Marais (1981) found 
that fup = 0,25. For such high fup values, the TKN/COD ratio guidelines for pro-
cess selection given in this paper have to be reduced by about 0,05 mgN/mgCOD. 
Caution should be exercised in the selection of the fup value; its magnitude has 
important implications throughout the design calculations, in particular, it has 
a strong influence on the process volume requirements and total oxygen demand. 
CONCLUSIONS 
1. The average influent wastewater characteristics -
(i) COD concentration 
(ii) TKN/COD concentration ratio 
(iii) rapidly biodegradable COD fraction (fbs) 
(iv) maximum specific growth rate of the nitrifiers at 20°C (µnm20) 
(v) maximum and minimum temperatures (Tmax and Tmin) 
(vi) P/COD concentration ratio 
govern the design of and the effluent quality attainable 1n the activated sludge 
process for P and N removal. 
2. Once the sludge age of,a selected process is fixed the removals of N and Palso 
are fixed and the N and P removal efficiencies depend on the TKN/COD and P/COD 
ratios of the wastewater. Because complete denitrification can be achieved only 
for TKN/COD ratios < 0,08 mgN/mgCOD, the higher the ratio above 0,08 mgN/mgCOD, the 
lower the N removal efficiency. 
3. Attainment of excess P removal is crucially dependent on the rapidly biodegrad-
able COD concentration in the influent Sbsi· For recycle ratios to the anaerobic 
reactor of 1:1, if Sbsi < 50 mgCOD/£, it is highly unlikely that excess P removal 
can be achieved in any process. If Sbsi > 50 mgCOD/£, excess P removal can be 
achieved provided nitrate can be excluded from the anaerobic reactor, in which event 
.the degree of excess P removal depends on the magnitude of Sbsi above 50 mgCOD/£ and 
the total influent COD strength (Sti) 
4. In general, the establishment of a rapidly biodegradable COD concentration in the 
anaerobic reactor (Sbsa) in excess of 25 mgCOD/£, to stimulate excess P removal, 
becomes .increasingly more difficult as the raw influent COD strength of the waste-
water (Sti) decreases: For average rapidly biodegradable COD fractions ranging be-
tween 0,20 to 0,25, the minimum Sti for which Sbsa is greater than 25 mgCOD/£ is 
about 250 mgCOD/£; as Sti increases above 250 mgCOD/£, the establishment of Sbsa 
greater than 25 mgCOb/£ becomes increasingly easier and the excess P removal per 
unit influent COD increases and the attainment of excess P removal becomes less 
sensitive to external factors, e.g. D.O. control in the process. 
5. For successful excess P removal in the Phoredox process, complete denitrification 
must be achieved to avoid nitrate discharge to the anaerobic reactor. Complete de-
nitrification can be achieved only for TKN/COD ratios < 0,08 mgN/mgCOD. 
6. For TKN/COD ratios > 0,08 mgN/mgCOD, complete denitrification cannot be achieved 
and the only viable processes for obtaining excess P removal are the UCT type 
processes. 
7. In the UCT type processes, by appropriate control of the mixed liquor a-recycle, 
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the anaerobic reactor always can be protected against nitrate discharge for TKN/COD 
ratios up to 0,14 mgN/mgCOD even though nitrate will be present in the effluent. 
For TKN/COD ratios < 0,11, the modified UCT process can achieve excess p removal 
and has the advantage over the UCT process of less need for operator intervention 
and is more likely to maintain reasonably good sludge settling characteristics. 
For TKN/COD ratios > 0,11 mgN/mgCOD, the only process that can achieve excess p 
removal is the UCT process, but it is likely that rather poor sludge settling 
characteristics will be obtained if the influent COD is high. 
8. For TKN/COD ratios > 0,14 mgN/mgCOD, it is unlikely that biological excess p 
removal can be obtained when complete nitrification is obligatory due to the in-
ability to achieve sufficient denitrification. However, such high TKN/COD ratios 
are unlikely to be encountered in raw or settled municipal wastewaters. 
9. If there is any uncertainty regarding the influent wastewater characteristics, 
the Phoredox process must not be selected. In this process, if the actual waste-
water characteristics are unfavourable with respect to those assumed in the design, 
the process may fail completely in its excess P removal objective. Under these 
circumstances, the modified UCT/UCT process combination (i.e. option of r-recycle 
to be abstrated from the 1st or 2nd anoxic reactor) is the indicated process. 
10. Primary sedimentation is unfavourable for achieving high removals of both N and 
P because it significantly increases the TKN/COD and P/COD ratios and significantly 
reduces the COD strength of the wastewater although the rapidly biodegradable COD 
concentration is only marginally affected. However, primary sedimentation signifi-
cantly reduces the process volume requirements and total oxygen demand. 
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LIST OF SYMBOLS 
mixed liquor recycle ratio from the aerobic to the anoxic reactors. 
Subscript o denotes optimum 
endogenous mass loss rate for heterotrophic organisms at T°C (/d) 
b (1 029)CT-20) 
h20 ' 
the rate at 20°C = 0,24/d 
= endogenous respiration rate for nitrifying bacteria at T°C (/d) 
b (1 029)(T-ZO) 
n20 ' 
= the rate at 20°C = 0,04/d 
= denitrification potential (mgN/£ influent). Additional subscripts 
1, 3 and p refer respectively to primary and secondary anox1c reactors, 
and process total. 
dissolved oxygen concentration (mgO/£). Subscripts a, rands refer 
to the concentrations in the a, r and s-recycles respectively. 
= unbiodegradable fraction of active mass 
0,20 mgVSS/mgVSS 
fbs fraction of biodegradable influent COD which is rapidly biodegradable. 
fi MLVSS to MLSS concentration ratio of the mixed liquor. 
fn = nitrogen fraction of the MLVSS (mgN/mgVSS) = 0,10 mgN/mgVSS 
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phosphorus fraction of the inert MLVSS 
0,015 mgP/mgVSS 
frps = fraction of raw total COD removed by primary sedimentation 
fu = unbiodegradable COD fractions in the influent (mgCOD/mgCOD). 
Additional subscripts p and s refer respectively to particulate 
and soluble fractions 
";'( 
fv general parameter for volume fractions 
-;': 
fx general parameter for sludge mass fractions 
*Additional subscripts a, b, d, 1, 3 and m refer respectively to 
anaerobic, total aerobic, total anoxic, primary anoxic, secondary 
anoxic and maximum unaerated allowable. Subscripts t and m 
following d refer respectively to total required for complete 
denitrification and maximum allowable. Subscript min following 
1 and 3 refers to minimum values. Subscripts 1 and 2 following 
subscript d refers respectively to the first and second anoxic 
reactors in a modified UCT process. 
K general parameter for denitrification rate (mgN03-N/mgVASS/d). 
Subscripts 1 and 2 refer respectively to the 1st and 2nd rates 
in the primary anoxic and 3 to the rate in the secondary anoxic. 
Additional subscripts T and 20 refer to T°C and 20°C respectively 
M prefix denoting mass 
Ne = nitrification capacity per unit influent flow (mgN/£) 
Nn =nitrate concentration (mgN/£). Additional subscripts e, rands 
refer respectively to effluent,r and s-recycle concentrations. 
Ns = nitrogen required for sludge pr9duction (mgN/£ influent flow) 
Nt = TKN concentration (mgN/£). Additional subscripts e and i refer 
0 
to effluent and influent respectively 
general parameter for oxygen consumption rate (mass/cl). 
c, d, n and t refer respectively to that for carbonaceous 
degradation, recovered by denitrification, nitrification 




Ps phosphorus in daily sludge wastage per £ influent flow (mgP/£) 
i.e. the phosphoru~ removal from the wastewater 
Pt total phosphorus concentration (mgP/£). Additional subscripts 
i and e refer respectively to influent and effluent 
Pv = COD to VSS ratio of the sludge mass = 1,48 mgCOD/mgVSS 
Q daily influent flow rate (£/d) 
Rhn = process nominal retention time (d) 
Rs sludge age (d) 
r mixed liquor recycle ratio from the anoxic to the anaerobic reactor 
in the UCT type processes 
s = underflow recycle ratio 
Sf = factor of safety for ensuring nitrification 
Sti = total influent COD concentration. (mgCOD/ £) 
Shi = biodegradable influent COD concentration (mgCOD/.e) 
= (1-fus-fup).Sti 
T 
= rapidly biodegradable soluble influent COD 
rapidly biodegradable COD concentration in the anaerobic 
reactor (mgCOD/R.) 
= rapidly biodegradable COD utilized in anaerobic reactor due 
to nitrate and dissolved oxygen discharged to it 
= temperature at °C. 
and minimum values 
Subscripts max and min refer to maximum 
VP = process volume (.e) 
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X ='general p.:-.rameter for sludge concentration (mgVSS/.e). Subscripts 
-x 
a, e, i, v and t refer respectively to active, endogenous, inert, 
volatile (MLVSS) and total (MLSS) concentration. Additional 
subscripts a, b and d following subscript t refer respectively to 
anaerobic, aerobic and anoxic concentrations 
weighted average sludge concentration in process (mg/.e). 
scripts v and t refers to MLVSS and MLSS respectively 
= yield coefficient = 0,45 mgVSS/mgCOD 
Sub-
iinm =maximum specific growth rate of the nitrifiers. Additional 
subscript T or 20 refers to T°C or 20°C respectively 
y = coefficient of excess P removal i.e. P content of active mass. 
(mgP/mgVASS) 
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THEORY, DESIGN AND OPERATION OF NUTRIENT REMOVAL 
. ACTIVATED SLUDGE PROCESSES 
FORE~JO:RD 
In the Republic of South Africa the point of maximum economic 
exploitation of conventional water resources is rapidly approaching. 
In addition, the country is also faced with deteriorating water quality 
which may become a limiting factor in water resources development prior 
to limitations on water quantity. 
The accelerated deterioration of water quality is a result of, 
amongst others, the discharge of ever increasing quantities of treated 
effluents to our rivers and streams. Effective removal of pollutants 
from wastewaters, particularly the nutrients carbon, nitrogen and phos-
phorus, therefore, is of the utmost importance. Furthermore, high 
quality effluents may serve as an economic source to augment our 
dwindling water resources. 
The need for pollution control and indirect reuse of treated 
wastewater is legally expressed in the Water Act 54 of 1956 and standards 
promulgated in terms of the act. In the General and Special Standards 
which were promulgated in 1962, the emphasis fell on adequate removal 
of carbonaceous material and the transformation of ammonia to nitrate. 
More recently accelerated eutrophication of many of South Africa's 
impoundments, with attendant health, water quality and aesthetic problems, 
has become apparent and resulted in the promulgation in 1980 of an upper 
limit for effluent phosphates for a number of critical catchments. 
Furthermore, limiting the total dissolved solids content of treated 
effluents now is also considered of prime importance. The need to remove 
the nutrients and reduce the increase of the dissolved solids during 
treatment, places difficult demands on future waste water treatment plants. 
Technology for the removal of the nutrients nitrogen and 
phosphorus from waste water has been developed to a high level in 
the Republic of South Africa. Many organizations have been instru-
mental in this development, including research organizations, 
engineer_ing consulting firms and local authorities. A wide range 
of physical, chemical and biological processes and combinations of 
these, are now available both for upgrading of existing works and 
design of new works. Methods available are: Physical-chemical, of 
2 
particular use for removal of phosphates from the effluents of 
existing works - the only viable option, in fact, for dealinJ with 
tri~kling filter effluents~ physical-chemical-biological:*fdr the 
remdval of nitrogen and phosphorus, of use where the charact~ristics 
of the wastewater are unfavourable for the biological removal of the 
nutrients; biological, for the removal of all or major fractions of 
I 
the nitrogen and phosphorus in the influent; no, or only mtnimal 
addition of chemicals is needed to produce the required effluent 
h h 1 . B" 1 . 1 . 1 . . 11 1 p osp ate qua ity. io ogica nutrient remova is particu ar y 
attractive for the treatment of municipal wastewaters becausJ, 
treatment costs are generally less than with physical-chemicll 
. • • I 
methods, the salt concentration of the effluent is not raise4 as 
with chemical addition and the characteristics of the wastew~ter 
usually are amenable to this type of treatment:. i In consequence, 
the Water Research Commission has been greatly interested in 
developing this method of nutrient removal. 
The Water Research Commission has stimulated, co-otdinated 
and financed research and development work in the field of blological 
I 
nutrient removal inthe activated sludge process from about 1~73. 
I 
Since that time it has contracted the National Institute for'Water 
Research of the Council for Scientific and Industrial Researth, the 
Universities of Cape Town and Pretoria and the City Council lf 
Johannesburg to do research and development work in this f ieid on a 
I 
co-ordinated joint venture basis. A significant amount of informa-
l 
tion on processes for biological nutrient removal is now available. 
Much of this information has already been published in local and 
international journals as well as having been presented at a
1
number 
of conferences, seminars and open days. However, in the li~ht of 
the urgent need of local authorities and others who have to keet ever 
stricter effluent standards, and in particular the effluent bhosphate 
*Phosphorus removal by chemical addition, the reader is refetred 
to the Water Research Commission publication "Guidelines for 
chemical removal of phosphorus from municipal effluents." 
** For example, the LFB process ~ see 
3 
standard of 1 mg/£ soluble orthophosphate which is to be strictly 
enforced in a number of critical catchments as from August 1985, it 
was decided to compile a comprehensive information document on the 
biological removal of nitrogen and phosphorus covering relevant 
results and findings made under Water Research Connnission sponsored 
projects. 
This publication has been compiled as a self-contained 
document which does not require reference to other publications on 
wastewater treatment. It is intended primarily for the design 
engineer and management staff responsible for operation and control 
of wastewater purification works. The level of presentatiort assumes 
that the reader has had tertiary training and/or considerable 
practical experience in the field of wastewater treatment. 
The basic process for the simultaneous biological removal 
of phosphorus and nitrogen was proposed by Barnard irr 1976 and is 
called the Phoredox process in South Africa, and the Bardenpho(R)* 
or Modified Bardenpho in the United States. This process belongs 
to the single sludge, multi reactor group of processes. For the 
phosphorus removal aspect the fundamental principle embodied in 
this process is that an anaerobic state needs to be created at 
some poirtt in the process such that phosphate is released, a con-
sequence of which induces biological uptake of phosphate in excess 
of normal metabolic requirements when the sludge is aerated 
subsequently. In the Phoredox proces~ the endeavour is to create 
the requisite anaerobic state by mixing the influent waste stream 
with the sludge recycled from the secondary settling tank without 
aeration in an anaerobic tank at the head of the works. 
This method for promoting the anaerobic state appears in 
a number of processes that developed from the Phoredox process in 
order to acconrrnodate waste waters with unfavourable characteristics 
* (R) . The Bardenpho process is a patented process. Greater details 
on the process and its application for site specific conditions can 
be obtained by arrangement with the patent holders, Messrs SAIDCOR, 
at P 0 Box 395, Pretoria, RSA, 0001. 
or in which nitrification-denitrification is not required. One 
such development, known as the UCT process is described in detail 
in this puboication. Other 'processes which also incorporate the 
4 
Phoredox principle, are not dealt with; for example, the AO process 
(basically a simplified Phoredox process) is not considered since 
this process is designed to remove phosphate in short sludge age 
systems where nitrification is prevented from occurring, and is 
unlikely to find significant application in the RSA. The process 
developed by Roberts and Kerdachi at Pinetown, Natal, also is not 
dealt with. This process differs from the others in that nitri-
fication, denitrificatron and the anaerobic state, to induce P 
release, all take place in one reactor. Also, ,the process is oxygen 
limited, in consequence, it~ biological response with regard to 
sludge production, oxygen demand, nitrification, etc .. is not 
amenable to description by the kinetic models governing non-oxygen 
limited processes such as the multi reactor Phoredox, UCT and AO 
processes. The writers of this manuscript felt therefore that the 
Robert-Kerdachi process falls outside their ambit of competence. 
All the above processes are of the main stream kind. Side 
stream processes, of which the Phostrip process is currently the 
most widely used, are not discussed in this publication. In side 
stream processes the anaerobic state is created by passing a 
I 
fra,ction of the secondary settler underflow through an anaerobic 
reactor to release phosphates through endogenous respiration (instead 
of by the addition of feed waste flow) and precipitating the released 
phosphates by lime addition. Insufficient data on the behaviour of 
this process was available to the authors to allow directives to be 
put forward for design and operation of this process for producing 
effluents complying with South African effluent regulations with 
regard to both nitrogen and phosphorus. 
Guidelines for design set out in this publication are based 
primarily on about ten years of extensive laboratory investigations 
at the University of Cape Town on biological nutrient removal from 
predominantly domestic wastewaters. These guidelines were verified 
on data generated at pilot scale on the National Institute for Water 
5 
Research's facility at Daspoort., Pretoria and at full-scale on the 
Johannesburg Gou~koppies and Northern Works. The mathematical model 
for carbonaceous material oxidation, nitrification and denitrification 
have been shown to give accurate predictions of full scale plant 
response. The theory for biological phosphate removal is currently 
still in a development stage with research in this area continuing. 
Nonetheless, tentative but conservative guidelines for process 
selection and design for the biological phosphate removal aspect are 
presented. 
Biological nutrient removal in the activated sludge process 
has only a short history of application. Currently in South Africa 
there are of the order of thirty plants designed for and being 
operated to obtain biological nutrient removal, with varying degrees 
of success. Practical experience on these plants should increase 
knowledge on the application of the process to a variety of wastewaters 
under different operating conditions and effluent requirements. 
Further research is still needed and is continuing in a number of 
areaswhere knowledge is still inadequate, for example, the mechanism(s) 
and factors controlling excess phosphate removal, th~ role of the 
anaerobic stage in the process, settling characteristics of the sludge 
formed in the process and factors which control these, as well as scum 
formation. This publication therefore does not pretend to be the 
final word on biological nutrient removal, it is an information docu-
ment with interim guidelines for design and operation of biological 
nutrient removal plants. 
Chairman 
Water Research Commission 
TABLE OF CONTENTS 
CHAPTER ONE FUNDAMENTALS OF BIOLOGICAL BEHAVIOUR 
by G v R Marais and G A Ekama 
Department of Civil Engineering 
University of Cape Town 
ABSTRACT 
The basic biological behaviour of bacterial growth and 
energy abstraction is briefly discussed. The various test para-
meters i.e. the COD, TOD, BOD and TOC, whereby it is attempted to 
measure the energy available in wastewaters for biological growth 
are critically examined. It is shown that while the other tests 
are useful, the COD is the best from a biological behaviour point 
of view. Integration of the COD test parameter into the 
mechanism of biological behaviour is presented. 
1. INTRODUCTION 1. 1 
1.1 Objectives of wastewater treatment 1. 3 
2. BIOLOGICAL BEHAVIOUR 1. 3 
2.1 Electron donors and acceptors 1. 4 
3. CARBONACEOUS ENERGY MEASUREMENT 1.10 
3.1 Chemical oxygen demand test 1.10 
3.2 Total oxygen demand test 1.12 
3.3 Biochemical oxygen demand test 1.12 
3.4 Total organic .carbon test 1.15 
4. COD/VSS RATIO 1.16 
5. REFERENCES 1.19 
CHAPTER TWO THE NATURE OF MUNICIPAL WASTEWATERS 
ABSTRACT 
by G A Ekama and G v R Marais 
Department of Civil Engineering 
University of Cape Town 
The characteristics of municipal wastewaters with respect 
to their chemical and physical constituents are described. Under 
chemical characterization, the different fractions of COD, TKN and 
total P are defined; under physical characterization, the dissolved, 
colloidal, suspended and settleable fractions. Approximate ranges 
of important wastewater characteristics for normal raw and settled 
municipal wastewaters in South Africa are given. The effect of 
primary sedimentation on the wastewater characteristics is briefly 
discussed. 
1. WASTEWATER CHARACTERIZATION 2. 1 
2. CHEMICAL CHARACTERIZATION 2. 1 
2.1 Carbonaceous materials 2. 1 
2.1.1 Biodegradable and unbiodegradable fractions 2. 1 
2.1. 2 Unbiodegradable fractions 2. 3 
2.1. 3 Biodegradable fractions 2. 5 
2.1.4 Analytical formulation 2. 6 
2.2 Nitrogenous materials 2. 9 
2.2.1 Free and saline and proteinaceous fractions 2. 9 
2.2.2 Analytical formulation 2.11 · 
2.2.3 Specific growth rate of the nitrifiers 2.13 
2.3 Phosphorus 2.14 
3. PHYSICAL CHARACTERIZATION 2.14 
4. QUANTIFICATION OF WASTEWATER CHARACTERISTICS 2.17 
5. REFERENCES 2.20 
CHAPTER THREE THE INFLUENCE OF WASTEWATER CHARACTERISTICS ON 
PROCESS DESIGN 
ABSTRACT 
by G A Ekama and G v R Marais 
Department of Civil Engineering 
University of Cape Town 
This chapter gives a brief qualitative overview of how 
the more importaµt characteristics of a wastewater - total COD, TKN 
and P concentrations, COD fractions, TKN/COD, P/COD ratios, 
maximum specific growth rate of the nitrifiers and temperature, raw 
or settled wastewater - affect the process design, performance and 
operation of a biological nutrient removal activated sludge process 
with respect to sludge age, process volume, anaerobic and anoxic, 














RELATIVE IMPORTANCE OF CHARACTERISTICS 
EFFECTS OF CHARACTERISTICS ON DESIGN 
Influent COD and influent flow 
Influent TKN, µnmT and temperature 
Readily biodegradable COD, slowly 
biOdegradable COD 
Nitrogen removal 
Excess Phosphorus removal 















CHAPTER FOUR ORGANIC MATERIAL REMOVAL 
ABSTRACT 
by G A Ekama and G v R Marais 
Department of Civil Engineering 
University of Cape Town 
The steady state equations for the activated sludge process 
for organic material removal only are presented. Using these equa-
tions as a basis, the changes in composition of the sludge 
(active, endogenous and inert fractions) with change in 
sludge age are demonstrated. Equations for calculating the process 
volume requirements, daily average oxygen demand, daily mass of 
sludge produced, nitrogen and phosphorus requirements for sludge 
production are given and the changes in these parameters with change 
in sludge age, temperature and wastewater characteristics are dis-
cussed in detail. Hydraulic control of sludge age as the process 
control parameter, is compared with the load factor approach. 
Practical considerations regarding the selection of the sludge age 
are given. The design procedure is demonstrated with worked 
examples for raw and settled wastewater respectively. 
1. INTRODUCTION 4. 1 
2. BIOLOGICAL KINETtCS 4. 2 
3. PROCESS KINETICS 4. 4 
3.1. Mixing Regimes 4. 4 
3.2 Sludge Age 4. 6 
3.3 Nominal Hydraulic Retention Time 4. 7 
3.4 Effluent COD Concentration 4. 7 
4. PROCESS DESIGN EQUATIONS 4. 8 
5. STEADY STATE DESIGN CHART 4.12 
6. PROCESS VOLUME 'REQUIREMENTS 4.15 
7. CARBONACEOUS OXYGEN DEMAND 4.18 
8. DAILY SLUDGE PRODUCTION 4.20 
9. NUTRIENT REQUIREMENTS FOR SLUDGE PRODUCTION 4.23 
10. PROCESS DESIGN AND CONTROL 4.26 
10.1 Sludge Age vs Load Factor as Control Parameter 4.26 
10.2 Process Control 4.29 
10.3 Hydraulic Control of Sludge Age 4.30 
11. SELECTION OF SLUDGE AGE 4.34 
11.1 Short Sludge Ages (2 to 5 days) 4.34 
11.2 Intermediate Sludge Ages (10 to 15 days) 4.36 
11.3 Long Sludge Ages (20 to 30 days) 4.40 
12. DESIGN EXAMPLE 4.43 
12.1 Influent Wastewater Characteristics 4.43 
12.2 Temperature Effects 4.46 
12.3 Calculations for Organic Material Degradation 4.46 
13. CONCLUSIONS 4.51 
14. REFERENCES ·4:52 
.CHAPTER FIVE NITRIFICATION 
ABSTRACT 
by G A Ekama and G v R Marais 
Department of Civil Engineering 
University of Cape Town 
After a brief discussion of the kinetics of nitrification, 
the steady state process equations for nitrification are presented. 
The effect of incorporating nitrification in a design on the 
sel~ction of the sludge age is discussed together with the effects 
of nitrification on the alkalinity and pH of the wastewater. For 
nitrification-denitrification processes, the effect of the 
unaerated zones on nitrification is discussed and an important 
parameter in the design of these processes i.e. the nitrification 
capacity is defined and demonstrated for raw and settled wastewater. 
The behaviour of nitrification for typical raw and settled waste-
waters with changes in temperature and sludge age and the effect of 
nitrification on the daily average oxygen requirement is demonstra-
ted with the aid of worked examples. 
1. INTRODUCTION 5. 1 
2. BIOLOGICAL KINETICS 5. 2 
2.1 Growth 5. 2 
2.2 Endogenous Respiration 5. 5 
2.3 Behavioural Characteristics 5. 5 
3. PROCESS KINETICS 5. 7 
3.1 Effluent Ammonia Concentration 5. 7 
4. FACTORS INFLUENCING NITRIFICATION 5. 9 
4.1 Influent Source 5. 9 
4.2 Temperature 5.10 
4.3 pH and Alkalinity 5.11 
4.4 Unaerated Zo11es 5.20 
4.4.1 Maximum allowable unaerated mass fraction 5.23 
4.5 Dissolved Oxygen Concentration 5.25 
4.6 Cyclic flow and load 5.27 
5. DESIGN CONSIDERATIONS 5.28 
5.1 Fate of the Influent TKN 5.28 
5.2 Effluent TKN 5.29 









Effects of Nitrification on Mixed Liquor pH 
Minimum Sludge Age for Nitrification 
Raw Wastewater 
Settled Wastewater 









CHAPTER SIX BIOLOGICAL NITROGEN REMOVAL 
ABSTRACT 
by G A Ekama and G v R Marais 
Department of Civil Engineering 
University of Cape Town 
The kinetics of biological denitrification and the different 
activated sludge process configurations in which it can be achieved, are 
discussed. Experimental work on laboratory and pilot scale processes 
is presented and the development of the general dynamic nitrification 
-denitrification process model is described. For constant flow and 
load conditions, simple design equations are given with which the 
behaviour of the different denitrification processes can be analysed 
for different wastewater characteristics. These equations are cast 
into a step by step design procedure. This design procedure is 
demonstrated for raw and settled wastewaters with the aid of worked 
examples. 
1. PROCESS FUNDAMENTALS 
1.1 Nitrogen Removal by Sludge Production 
1.2 Biological Denitrification 
1.3 Effect of Denitrification on Oxygen Demand 
1.4 Effect of Denitrification on Alkalinity 
2. REQUIREMENTS FOR DENITRIFICATION 
2.1 Presence of Nitrate 
2.2 Absence of Dissolved Oxygen 
2.3 Facultative Bacterial Mass 
2.4 Electron Donor (Energy Source) 
3.0 DENITRIFICATION PROCESS CONFIGURATION 
3.1 Wuhrrnann Configuration 
3.2 Ludzack-Ettinger Configuration 
3.3 Bardenpho Configuration 
4. EXPERIMENTAL BASIS FOR DENITRIFICATION KINETICS 
4.1 Constant Flow and Load Conditions 
4.1.1 Experimental work with plug flow reactors 
4.1.2 Nitrate removal and substrate utilization 
4.1.3 Completely mixed anoxic reactors 






















5. DENITRIFICATION POTENTIAL 
5.1 Denitrification Potential of the Primary Anoxic 
Reactor 
5.2 Denitrification Potential of the Secondary Anoxic 
Reactor 
6. DESIGN PROCEDURE FOR N REMOVAL PROCESSES 
6.1 Principals of the Design Procedure 
6.2 Can Complete Denitrification be Achieved? 
6.3 When Complete Denitrification Cannot be Achieved 
7. DESIGN EXAMPLES 
7.1 Variability of Wastewater Characteristics 
7.1.~ Variability of nitrification rate 
7.1.2 Variability of denitrification rates 
7.1.3 Variability of readily biodegradable COD fraction 
7.2 Effect of Temperature 
7.3 Maximum Unaerated Sludge Mass Fraction 
7.4 Nitrification 
7.5 Denitrification 
7.6 Process Volume and Oxygen Demand 
7. 6 .. 1 Process volume 
7.6.2 Daily average total oxygen demand 























Ci-iAPTER SEVEN BIOLOGICAL EXCESS PHOSPHORUS REMOVAL 
ABSTRACT 
by G A Ekama, G v R Marais and I P Siebritz 
Department of Civil Engineering 
University of Cape Town 
The evolution of a quantitative parametric model for biologi-
cal excess phosphorus removal is described and it is shown that the 
readily biodegradable COD fraction of the influent is one of the most 
important parameters in excess P removal. The equations of the model, 
which allow prediction of the magnitude of excess P removal in terms 
of the process design parameters and wastewater characteristics, are 
presented together with their capabilities and limitations. The 
design procedure is critically discussed in the light of recent research 
findings in the biological excess P removal field. The implications 
of the model on nutrient removal process design is described. Step by 
step design procedures for the different nutrient removal processes are 
set out and a design chart by means of which the excess P removal can be 
rapidly estimated is presented. Rough guidelines for process selection 
and anaerobic reactor sizing based on wastewater characteristics are set 
out. The design procedures are demonstrated with the aid of worked 
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CHAPTER EIGHT SECONDARY SETTLING TANKS 
'ic 'idc *ic* * 
by G A Ekama , A R Pitman M Smollen and G v R Marais 
* 
ABSTRACT 
Department of Civil Engineering 
University of Cape Town 
City Health Department 
City Council of Johannesburg 
National Institute for Water Research 
Bellville, Cape Town. 
Settling behaviour of mixed liquor as described by the 
stirred batch settling test is discussed. Batch settling test 
data are then integrated with secondary settling tank behaviour via 
the flux theory using both graphical and analytical procedures. A 
secondary settling tank design and operating chart is presented and 
its use demonstrated by worked examples. Practical aspects of 
secondary settling tank design are discussed. 
1. INTRODUCTION 
2. SECONDARY SETTLING TANK DESIGN 
3. STIRRED BATCH SETTLING TEST 
4. SOLIDS FLUX 
5. GRAPHICAL APPLICATION OF FLUX THEORY 
5.1 Graphical Procedure 
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5.3 Dynamic Conditions 
5.4 Discussion 
6. ANALYTICAL APPLICATION OF FLUX THEORY 
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THE READILY BIODEGRADABLE COD FRACTION OF 
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THE MAXIMUN SPECIFIC GROviTH RATE OF THE 
NI TRI FIERS 
CHAPTER ONE 
FUNDAMENTALS OF BIOLOGICAL BEHAVIOUR 
G v R Marais and G A Ekama 
1. INTRODUC l'ION 
Life, in order to persist, requires a continuous through-
put of (1) matter and (2) energy: 
(1) The most prominent elements passing through the life system are 
hydrogen (H), oxygen (0), carbon (C), nitrogen (N), phosphorus (P) 
and sulphur (S), plus a host of minor elements. 
(2) Energy is derived principally from three sources and these form 
a convenient criterion to categorise the organisms implicated: 
(a) Solar radiation : photo-synthetic autotrophs 
(b) Organic compounds heterotrophs 
(c) Inorganic compounds : chemical autotrophs. 
(a) In the biosphere the fundamental source of energy is solar 
radiation. The photo-synthetic autotrophic cells fix a small 
fraction of the solar energy by forming complex high energy organic 
(H,C,O) compounds and producing oxygen. Of the matter require-
ments the elements H and 0 are obtained from H20; carbon from co2 
and phosphorus, nitrogen and sulphur from the dissolved salts of 
these elements. Both H20 and co2 are readily available; sulphur 
is usually in adequate supply; however the availability of 
phosphorus and nitrogen usually is limited - phosphorus does not 
occur readily in soluble form and nitrogen is useful to the organism 
principally in the NH: and NO; forms. The restricted availability 
of these two elements usually constitute the limiting factors to 
the ma~s of autotrophic life a body of water can generate. For 
this reason, phosphorus and nitrogen are termed eutrophic (life-
giving) substances. Phosphorus is limited by the mass available 
or entering a particular ecosystem, but ammonia can be generated 
from dissolved molecular nitrogen by certain micro-organisms. In 
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this respect the control of phosphorus in a body of water takes on 
a greater significance than the control of nitrogen. 
Whereas the eutrophic elements N and P normally are the 
principal agents of pollution in bodies of water, by stimulating 
autotrophic growth, the action associated with this growth,of 
producing oxygen, is utilized in the Oxidation Pond system of 
wastewater treatment - the oxygen is utilized by heterotrophic 
organisms to metabolize the carbonaceous material in the influent 
to the pond, in this fashion to assist in destroying organic 
energy, as described in (b) below. 
(b) The high energy organic compounds synthesized by the autotrophs 
forms the basic source of energy for the heterotrophic cells to 
synthesize the more complex molecules that constitute the cell mass, 
including proteins. Only a fraction of the energy utilized is 
incorporated in the cell mass generated, the balance is lost as heat. 
The mass of organisms thus generated in turn forms the matter and 
energy sources (prey) for other organisms that live on them (predators), 
and these in turn become prey to yet other predators. Each prey-
predator transformation is accompanied by a substantial loss of 
energy; in this fashion through the sequential chain of life there 
is a continuous reduction of the organically bound energy originally 
fixed by the photo-synthetic autotrophs. When the organic energy 
reduces to zero heterotrophic life ceases. In waste water treat-
ment plants the full chain of life does not develop so that a sub-
stantial fraction of the input energy is retained in the life mass 
in the system but this fraction is physically separated from the 
liquid in the sludge wasted daily (for further treatment) leaving 
very little organic energy in the effluent. 
(c) Chemical autotrophs derive their energy for growth from the 
oxidation of inorganic compounds. In wastewater microbiology the 
principal species of interest in this genera are the nitrifying 
bacteria. These bacteria are obligate aero bes (i.e. can grow only 
when oxygen is present), and derive energy by oxidixing saline 
ammonia, to nitrite and nitrate. In wastewater treatment the 
nitrifyers form a vital link in the removal of the autotrophic 
element nitrogen from the water by converting ammonia nitrogen 
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to nitrate nitrogen when, by appropriate design, the heterotrophs 
can be forced to utilize the nitrate in the heterotrophic metabolism 
of carbonaceous material, in which action the nitrate is reduced to 
molecular nitrogen and escapes as nitrogen gas. (see later) 
1.1 Objectives of Wastewater Treatment 
From the considerations above the objectives of wastewater 
treatment are seen to be twofold: 
1. Reduction of organic-bound energy in the waste flow to a level where 
it can sustain only minimal heterotrophic growth, and 
2. Reduction of the autotrophic substances, phosphates, ammonia and 
nitrates, to levels where the photo-synthetic autotrophic micro-
organisms are severely limited in their growth, and therefore in their 
capacity to fix solar energy as organic energy in the body of 
receiving water. 
2. BIOLOGICAL BEHAVIOUR 
Biological metabolism is principally a process of energy 
conversion. In biological wastewater treatment processes, the 
input energies are present in the wastewater in the form of carbonaceous 
and nitrogenous organic compounds. These are converted into other 
energy forms during which some of the energy is lost as heat. 
The carbonaceous energy is utilized by the heterotrophic group 
of micro-organisms. This is a,wide spectrum group, which, given 
sufficient time and appropriate environmental conditions, will 
utilize virtually every type of organic material. The group is 
ubiquitous and in any given situation those members of the group that 
obtain maximum benefit from the specific organic material and 
environmental conditions will develop. As the organic source or 
the environmental conditions change, so associated changes in the 
heterotrophic organisms species take place. 
The nitrogenous material serves as an energy source only in 
the free and saline ammonia form. Proteinaceous nitrogen is broken 
down into its amrnoniacal and carbonaceous constituents by heterotrophs. 
The free and saline ammonia is utilized as an energy source by two 
specific organisms species, the Nitrosomonas and Nitrobaater. The 
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former converts ammonia to nitrite and the latter nitrite to 
nitrate, these two organism species jointly being called the 
nitrifiers. Compared to most of the members of the heterotrophic 
group, the nitrifiers are slow growing. Because the group consists 
of only ~wo species, each performing a particular function in the 
nitrification process, the environmental conditions must be conducive 
to both species, otherwise one or the other will not propagate and 
nitrification will be adversely affected. In general the environ-
mental conditions for the nitrifiers are much more circumscribed 
than those for the heterotrophs. With the heterotrophs, .the 
variety of organisms is so large that some group of the species 
nearly always will adapt to the biodegradable organic material in 
the influent or changes in the environmental c:onditons. With the 
nitrifiers, once the environmental conditions change to beyond a 
rather restricted range, they cease to grow. 
2.1 Electron Donors and Acceptors 
For all the organisms the energy source serves two 
functions: 
(1) for the supply of material which is transformed to new cell 
material i.e. synthesis of new cell mass, 
(2) for the supply of energy to effect this transformation. 
For heterotrophic growth,energy is obtained from the car-
bonaceous material, as follows: Each organic molecule is split to 
give hydrogen ions, carbon dioxide molecules and electrons. Be-
cause it releases electrons the organic molecule is called an 
electron donor and on yielding electrons the molecule is said to 
be oxidized. The electrons (and hydrogen ions) are eventually 
transferred to a molecule that can receive them and this molecule 
is called an electron acceptor; on receipt of electrons the 
molecule is said to be reduced. In this oxidation-reduction 
(redox) reaction free energy is released, that is, energy that 
can be utilized to do work. 
Under aerobic conditions the electron acceptor is 
oxygen (0
2
) and it is reduced to water (H2o). If no oxygen is 
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available but nitrate (No;) or nitrite (No;) is, an anoxic state 
- -
exists; the N03 and N02 serve as electron acceptors and both are 
reduced to nitrogen gas and water. 
present an anaerobic state exists and the organism generates its 
own electron acceptor internally (endogenously), in.contrast to 
externally provided (exogenous) electron acceptors (o
2
, NO; and 
* N0
3
), in the aerobic and anoxic states. 
The quantity of free energy released in a redox reaction 
depends on the electron donor and the acceptor. When carbonaceous 
material is the donor and oxygen is the final acceptor the free 
energy is relatively high; with N0 2 and No3 as acceptor the free 
energy is about 5% less than with oxygen (McCarty, 1964). Internally 
generated electron acceptors give rise to redox reactions that yield 
very little free energy. 
Taking oxygen as the electron acceptor the free energy 
per electron transferred for different configurations of carbonaceous 
molecules lies within a relatively narrow band of values. For 
sewage which contains an innumerable number of different carbonaceous 
substances, the mean free energy per electron transferred is 
virtually constant, McCarty (1964)'. 
In aerobic synthesis of organism mass a fraction of the 
carbonaceous material (with oxygen as electron acceptor) is oxidized 
via a complex set of redox reactions, to yield free energy, see 
Fig 1.1. The free energy (via ADP~ATP exchanges) is utilized to reorganize 
the remaining fraction of carbonaceous material into proto~plasmic 
~~ 
In Bacteriology if the final hydrogen ion and electron acceptor 
is molecular dissolved oxygen, then the process of substrate 
oxidation is termed aerobic; if it is chemically bound oxygen, 
i.e. nitrate, nitrite or sulphate, the process is termed 
anaerobic; if the hydrogen ion and electron acceptors originate 
outside the cell, i.e. exogenous, the whole process is termed 
one of respiration; 
if the terminal electron acceptors originate 
inside the cell, i.e. endogenous, the process is called fermenta-
tion. In Sanitary Engineering, the usage of some of these terms 
differs from that in Bacteriology. In particular if no dissolved 
oxygen is present, the process or environment is called anoxic, 
if neither dissolved oxygen nor nitrate is present, the process or 









Fig l.la ATP (biological energy) formation by sequential 
oxidation-reduction reactions (e- transport) in 















Fig l.lb Energy change during synthesis .. 
IOOe-
IOOH• 
Fig l.lc Electron changes during synthesis. 
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material, the free energy being lost as heat in this reorganization. 
In the qualitative description above the question that 
arises is: "How does one quantify this synthesis reaction?" The 
quantification rests on the indestructability (conservation) of 
matter in chemical reactions. During synthesis, in the set of redox 
reactions, electrons and hydrogen ions are transferred from the 
donor to the acceptor (see Fig 1.1) but, the electrons can be neither 
created or destroyed; however, they can be measured, as follows: 
The number of electrons accepted in the reduction of a molecule of 
oxygen to water is a defined physical-chemical quantity. If the 
carbonaceous material is oxidized completely to co
2
, with oxygen 
as acceptor, the mass of oxygen consumed gives a direct stoichiometric 
measure of the electrons transferable from the organic molecules, and, 
as the free energy per electron (with o2 as acceptor) is virtually 
constant for all carbonaceous materials, indirectly a measure of the 
free energy also is.obtained. Thus, in a synthesis reaction, 
by (1) oxidizing completely the input biodegradable material and 
(2) oxidizing compl_etely the synthesized material, the ratio 
oxygen demand of synthesized material 
· oxygen demand of input material 
02 equivalent.of synthesized material 
02 equivalent of input material 
electrons available in synthesized material 
electrons available in input material 
specific yield coefficient of the reaction. 
Very closely the specific yield coefficient above also reflects 
the ratio 
free energy in the synthesized material 
free energy in the input material. 
The difference between - (0 2 equivalent of input material) 
and (o
2 
equivalent of synthesized material) - reflects the electrons 
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transferred to oxygen in order to release free.energy to drive the 
synthesis reaction i.e., 
o2 demand = (02 equivalent of input material) 
- (o2 equivalent of synthesized material). 
This equation is stoichiometrically exact and forms the 
(1.1) 
basis for fundamental investigations into the description of the activated 
sludge process. Very closely,in fact for all practical purposes 
exactly, it also reflects the energy changes in aerobic and anoxic 
redox reactions. Thus, by the developments above, we can trace the 
energy changes by measuring the electrons (as equivalent oxygen) in 
the input material and the electrons contained in the synthesized 
material, the difference between these two is equal to the oxygen 
utilized during change in state of the material. Electrons, being 
indestructible, can and should always be accounted for in any 
investigation. This brings to the fore the importance of mass 
balances to check the validity of investigations both in research 
and in the operation of a plant. 
During nitrification ammonia serves as the electron donor 
+ - -
and oxygen as the acceptor, to convert NH4 to N0 2 and N03
. Anunonia 
is present in the influent either as an NH
3 
radical in protein mole-
cules (albuminoid ammonia) or as dissolved ammonia (NH
3
) and ammonium 
ions (NH:) (free and saline ammonia respectively). On conversion 
of the proteinaceous ammonium radical to the free and saline form 
(by the heterotrophs) it becomes available as an electron donor with 




are fixed, once the total mass of nitrogen available 
for nitrification is known the oxygen necessary to oxidize it is 
also known, and hence the electron donor capacity. 
One last point: The yield as defined earlier, is always 
an experimentally derived value. Biochemistry is now sufficiently 
advanced to allow the yield to be calculated theoretically fairly iccurately 
by taking into account the stoichiometry of the electron donor and 
acceptor, the thermodynamic free energy released per electron 
transferred and the biochemical pathways through which the transfer 
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takes place (for example, the Embden-Meyerhof pathway - Krebs cycle sequence 
Q?ayne,1971). Such an approach, although of importance conceptionally, 
is not so valuable practically because in waste water treatment plants, 
the microbiological mass does not consist of pure culture but comprises 
a complex ecological system of primary organisms and ones that prey 
on them. 
3. CARBONACEOUS ENERGY MEASUREMENT 
3.1 Chemical Oxygen Demand Test 
The discussion in the previous section, in which it was 
shown that the energy changes in biological reactions is reflected 
in the number of electrons transferred, led to the conclusion that 
the electron donor capacity can be measured in terms of the oxygen 
reqtlired to oxidize the carbonaceous matter to co2. Such a measure-
ment is available in the Chemical Oxygen Demand (COD) test. 
In the COD test the electron donor capacity of carbonaceous 
material is measured by oxidizing the material by a strong oxidant 
i.e. a hot dichromate sulphuric acid solution, in which the electro-
acceptor is oxygen. This oxidant is so strong that oxidation of 
the carbonaceous matter is complete, or very near complete. 
the half reaction for the reduction of oxygen, 
From 
it can be seen that l mole of molecular oxygen (32g) is equivalent 
to 4 electron equivalents. Stoichiometrically in the COD test when 
the equivalent of lg o
2 
is used up then the mass of COD oxidized is 
also lg, i.e. 
lg COD = lg o2 = 1/8 electron equivalent. 
The COD test, therefore, supplies the information required to trace 
the electron and associated energy changes in a process. 
Ammonia is not oxidized in the test so that the test 
reflects only the electron donor capacity of carbonaceous material. 
In practical application some organic material is not 
oxidized by the COD test under any circumstances, such as the 
1.11 
aromatic hydrocarbons and py~idenes, although these are utilized . . 
by micro-organisms. Poor estimates of COD can also arise with lower 
fatty acids such as acetate because these compounds are in the 
unionized form at the low pH at which the test is performed - the 
unionized molecules can be extremely difficult to oxidize; in 
this regard addition of a catalyst silver sulphate overcomes the 
problem to a large degree to give virtually 100% oxidation. 
In performing a COD test it should be remembered that the 
test involves a time dependent reaction and the specified refluxing 
period of 2 hours must be adhered to to ensure complete or near 
complete oxidation. Furthermore, the degree of oxidation is 
subject to mass action effects - equivalent masses of the same 
organic compound refluxed at different final test volumes yield 
different results for the COD; the temperature at which the 
refluxing step takes place also affects the oxidation rate, the 
refluxing temperature in turn is dependent on the concentration 
of sulphuric acid in the test. These factors have all been 
considered in the development of the COD test procedure. Hence, 
the COD test will give reliable results only if the test is done 
in strict accordance with the set procedures, for example, those 
in Standard Methods. If these procedures are strictly followed 
our experience is that the COD test adequately reflects the 
electron donor capacity of the sample. Application of COD test 
results to carbonaceous material mass balances on activated sludge 
plants at steady state also indicate that with careful experimental work 
mass balances between 98 and 102 percent are obtainable i.e. the 
mass of influent COD per day can be accounted for by the sum of the 
daily mass of oxygen utilized and the daily masses of COD in the waste 
sludge and effluent. Extensive investigations into COD balances 
by Schroeter, Dold, and Marais (1983) have indicated that where poor 
balances are obtained, invariably the causes can be traced to errors 
in oxygen demand for nitrification (to correct the total oxygen 
demand to the carbonaceous oxygen demand) and/or errors in the oxygen 
utilization rate measurement. 
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3.2 Total Oxygen Demand (TOD) Test 
In the TOD test the sample is oxidized at high temperature 
in a combustion oven. The TOD is the mass of oxygen required for 
the oxidation of all oxidizable material contained in a unit volume 
of wastewater sample; -both carbonaceous and nitrogenous compounds are 
oxidized. A problem with this test is that the amount of oxygen 
available in the combustion oven influences the degree of oxidation 
of ammonia and organic nitrogen - with oxygen in excess there is a 
conversion of nitrogenous material to nitric oxide, whereas when 
oxygen is not in excess, oxidation of the nitrogenous material may 
be partial only. Furthermore, nitrate, nitrite and dissolved 
oxygen in the sample influence the TOD test result. Be.cause the 
test determines both th~ carbonaceous and nitrogenous oxidation 
potential, an additional TKN test is required to isolate the 
carbonaceous fraction of the TOD. At the present stage of develop-
ment of the test, difficulty is found in obtainin~ representative 
and reproducible readings for samples which contain particulate 
matter - these samples must be thoroughly homogenised to obtain 
representative readings as the sample volume is extremely small 
(10 - 20 µ£). Sample homogenisation also increases the dissolved 
oxygen contamination. The difficulties of applying the TOD test 
to wastewater can be overcome, but the resulting test procedure 
reduces its attraction for general routine use. 
3.3 Biochemical Oxygen Demand (BOD5 Tes~) 
this test provides a measure of the oxygen consumed in 
the biolugical oxidation of carbonaceous material in a sample over 
5 days at 20°C. According to Gaudy (1972) the origins of this test 
can be traced back about a hundred years to Frankland who appears 
to have been amongst the first to recognise that the observed 
oxygen deplet'ion in a stored sample is due to the activity of micro-
organisms. The Royal Commission on Sewage Disposal appears to 
have developed the concept of using the oxygen depletion as a measure 
of the strength of pollution. Over the past century extensive 
research towards elucidating the meaning of the test, quantifying it 
and i~tegrating it in theoretical descriptions of waste water 
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treatment processes, has been undertaken. To date the BOD test 
is still the most popular parameter for assessing the pollution 
strength of influents and effluents and for describing the behaviour 
of treatment processes. Its continued popularity seems to stem 
mainly from the body of experience that has built up in its use. 
Whereas there is justification for retaining it in effluent des-
7riptions for regulatory purposes, in so far as present day 
scieniific descriptions of treatment process is concerned few cogent 
arguments for its use over that of the COD can be produced. 
The main deficiency of the BOD test arises from the 
inadequacy with which it assesses the electron donor capacity of 
the carbonaceous organic material in a sample. At the end of 5 
days some of the biodegradable carbonaceous material originally 
present in the sample remains as unbiodegradable material. 
Consequently, it is not possible to perform a mass balance even 
with respect to the biodegradable input material. Furthermore 
unbiodegradable material originally present in the sample remains 
unaffected by the test so that there is no procedure, related to 
the test, whereby an assessment of this fraction can be obtained. 
(In contrast in the COD test, because the total electron donor 
capacity is measured, even though the unbiodegradable fractions 
are not isolated in the test, it is possible to estimate these 
fractions from the test results and the kinetic behavioural 
ratterns of the treatment process). 
Despite the deficiencies listed above, if the BOD5 value 
constituted a consistent estimate it could still have provided a 
relative measure of practical usefulness, but even this cannot be 
guaranteed. Gaudy (1972) in a thought provoking review on the 
BOD gave a summary of the work on the BOD test (in which he took a 
leading part). He concluded that the standard approach to formulat-
ing the BOD time curve as a first order reaction is quite invalid: 
The actual curve arises from two main effects, (1) bacterial syn-
thesis from the biodegradable input - a re.action usually complete 
in one to two days, and (2) predator growth using the synthesized 
bacteria as substrate. The second phase, being dependent on the 
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first, usually lags the first so that a distinct "pause" or "plateau" 
in the time curve is exhibited (see Fig 1.2). The occurrence and 
duration of this pause is dependent on the bacteria-prey relationship 
initially present in the sample, the "strength" of the organic 
material, presence of inhibitory substances and so on. These 
compound effects certainly are not reflected by a first order formu-
lat ion. Furthermore, should nitrification occur during the 5 days 
the BOD value can be completely misleading; this may not be apparent 
unless procedures to suppress nitrification are imposed on the test. 
Evidently the BOD5 value is subject to a numbE~r of influences which 
can be present in varying degrees resulting in unknown variable 
effects on the observed value. 
Perhaps,the neatest summing up of the use of the BOD test 
is that due to Hoover, Jacewics and Porges (1953): "The BOD test 
is paradoxical. It is the basis of all regulatory actions and is 
used routinely in almost all control a~d research studies on ~ewage 
and industrial waste treatment. It has been the subject of a 
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Fig 1.2 Typical experimental BOD time curve on wastewater sample 
with heterogeneous seed clearly showing the "pleateau" 
behaviour after a.bout 1, 5 days. 
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adequately understood or well adapted, to his ·own work". Considered 
in the light of the biochemical descriptions of biological growth 
these remarks are still pertinent today. 
3.3 Total Organic Carbon (TOC) Test 
In the TOC test the sample is oxidized in a combustion 
chamber in the presence of oxygen and the carbon dioxide content of 
the burnt gasses is measured. If the organic carbon content only 
is required, then it is necessary to have a pre-treatment stage in 
sample preparation by acidification and co2 purging by sparging, or, 
to do an additional test in which the inorganic carbon only is 
measured. The older instruments can only measure the carbon content 
of soluble organic material but newer models can deal with particulate 
organic material. 
As a procedure to estimate the electron donor capacity of 
the sample the TOC test can be very misleading. This arises from 
the fact that the ratio of organic carbon to electrons is not con-
stant for different organic materials. 
and glycerol: 
For- example taking glucose 
The number of available electrons may be determined by 
(i) measuring the number of moles of o2 consumed in the complete 
combustion of one mole of the ~ompound of interest, and 
(ii) multiplying by four (which is the relative number of electrons 
required to reduce one mole of oxygen). 
e.g. a) Glucose, c6 H12 06 
C6 Hl2 06 + 6 0 + 6 2 co2 
+ 6 H20 
6 moles o2 => 6 x 4 = 24 e' compound 
i.e. 24/6 = 4 e' available per unit organic c. 
b) Glycerol, c3 H8 o3 
CJ H8 03 + 7/12 02 + 3 co2 + 4 H20 
7/12 moles o
2 
=> ~ x 4 = 14 e' compound 
i.e. 14/3 = 4,66 e' available per unit organic C. 
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Comparing glucose and glycerol the electron donor per unit C differs 
by 17%. 
The analysis above points to the inadvi~ability of utiliz-
ing the TOC test to describe the energy based behaviour of water treat-
ment processes. This does not mean that the test does not have other 
uses; it serves a valuable function as control parameter or as a 
parameter in tertiary treatment where the carbon content in the 
effluent may be of great importance. 
4. COD/VSS RATIO 
Consider a completely biodegradable soluble substrate, for 
example glucose. If a sample of glucose solution is innoculated 
with bacteria, syntheses of new bacterial mass will occur. The 
change in soluble COD, 6COD(soluble),
1
will be reflected in an in-
crease in the COD of the bacterial ma~s, 6COD(bacteria), and 
oxygen utilized to generate free energy, 602(utilized), 
6COD(soluble) = 6COD~bacteria) + 602(utilized) (1.2) 
Equation (1.2) reflects the destination of the electrons from the 
donor to the synthesized material and the electron acceptor oxygen. 
From extensive work reported in bacteriology, reviewed by Payne (1971), 
the fraction of 6COD(soluble) appearing as 6COD(bacteria) appears to 
be nearly constant. Usually the fraction·is expressed as a ratio 
called the specific yield coefficient YCOD (see Eq 1.1) i.e. 
6COD(bacteria)/6COD(soluble) = YCOD (l.3) 
Equation 1.2 can be rewritten in terms of YCOD 
6COD(soluble) = YCOD.6COD(soluble) + 602 (1.4) 
and recasting Eq (1.4) 
602 = (1 - YCOD) 6COD(soluble) 
(1.5) 
In wastewater treatment kinetics the usage has arisen, probably from 
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the work of bacteriologists, to measure the mass of volatile solids 
generated in the synthesis reaction, X , rather than the COD of the a 
volatile solids generated, 6COD(bacteria). To retain the useful-
ness of Eq (1.4), in particular in the form given by Eq (1.5), it 
is necessary to relate 6X to 6COD(bacteria). 
a The usage has 
developed to express the relationship between 6X and 6COD(bacteria) 
a 
by the ratio of the two parameters, called the COD/VSS ratio, defined 
by the symbol f cv' 
f = COD/VSS = 6COD(bacteria)/6X 
CV a 
Using this definition the yield coefficient YCOD is expressed in 
terms of a specific yield coefficient with respect to volatile solids 
Yh, and the COD/VSS ratio, f , 
CV 
YCOD = fcv.Yh (1.6) 
and inserting in Eq (1.5), 
(1.7) 
Equation (1.7) is very important in biological wastewater treatment 
kinetics. 
Considerable research has been undertaken to establish a 
value for f and to determine the factors effecting it. Theore-cv 
tically £ has been evaluated by accepting an empirical stoichiometric 
CV 
formulation for biological sludge, for-example that by Hoover and 
Forges (1952), 
Stoichiometrically, 
113g VSS + 160gm 0 + 160grn COD 
i.e. lgrn VSS + l,42mg COD 
i.e. COD/VSS l,42mg COD/mg VSS 
Eckenfelder and Weston (1956) presented experimental dat~ that 
supports this theoretical ratio. However other theoretical ratios 
• 
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have been proposed and each find some experimental confirmation, 
see Table 1.1. The basic difficulty in evaluation of f arises 
CV 
from the fact that f is a ratio so that the small random errors 
CV 
in either the COD or the VSS magnify the dispersion of the ratio; 
a reasonably stable mean estimate of the f value of a sludge 
CV 
requires at least thirty COD and VSS pair determinations. With 
smaller numbers the mean f value can still vary significantly. 
CV 
Considering the COD/VSS ratio of sludges derived from 
activated sludge processes treating municipal effluents, it should 
be remembered that not only is active volatile mass generated but 
volatile mass is also present in unbiodegradable particulate form 
in tlie influent (and accumulates in the sludge mass) and inert 
biological residue is generated due to endogenous respiration (and 
also accumulates in the sludge mass). Consequently the sludge 
normally consists of three fractions, active, inert influent and 
endogenous. Each of these could have a different f value, a 
CV 
factor not considered in deriving the theoretical ratios discussed 
earlier. The proportions of the three fractions in a sludge 
depend on the sludge age, the active fraction being relatively small 
at long sludge ages and high at short sludge ages. For practical 
purposes an important aspect, therefore, is whether f changes with 
CV 
sludge age or whether a mean experimentally derived value can be 
assigned to all activated sludges. Accordingly Marais and Ekama 
reported on COD/VSS ratio of activated sludge from laboratory scale 
units treating municipal wastewater for sludge ages ran'ging from 
2 to 30 days. Their data indicate that despite the significant 
changes in proportion of the three fractions with changes in sludge 
age, f appeared to remain substantially constant, at 1,48 mgCOD/ 
CV 
mgVSS. This finding is very important because it allows that COD 
balances generally can be performed using VSS measurements on the 
waste sludge. 
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Table 1. 1 Theoretical COD ·value's· for various 'empirical formulations 
for microbial sludge (after McCarty, 1964). 
Bacterial Molecular Theoretical COD in Grams 
Per Per gm Per grm Per 
..... 
Formulation Weight gm Mole TSS vss Carbon 





















N 114 168 1,32 1,47 2,80 
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CHAPTER TWO 
NATURE OF MUNICIPAL WASTEWATERS 
G A Ekama and G v R Marais 
1. WASTEWATER CHARACTERIZATION 
In so far as it affects biologic~l treatment, municipal 
waste flows can be characterized chemically and physically. 
Chemical characterization comprises identification and 
measurement of: (a) Carbonaceous and nitrogenous constituents in 
their various fractions, soluble and particulate, biodegradable 
and unbiodegradable, and (b) Inorganic constituents principally 
total alkalinity (Alkalinity) total acidity, pH and phosphorus. 
Inorganic constituents such as calcium, sodium, magnesium, chloride 
and sulphate usually are of minor importance with the exception of 
calcium which, in certain circumstances, can be of significance in 
phosphorus removal by calcium-phosphate precipitation. 
Physical characterization comprises separation of the waste-
water into dissolved, suspended and settleable constituents. 
2. CHEMICAL CHARACTERIZATION 
2.1 Carbonaceous materials 
Characterization of the carbonaceous material in the 
influent is done via the Chemical Oxygen Demand (COD) test. For 
activated sludge process design it is necessary to identify and 
know the magnitudes of the various fractions of the influent COD as 
these significantly affect the response of the process. Research 
at the University of Cape Town has indicated that the subdivisions 
shown diagrammatically in Fig 2.1 are essential for accurate 
description of the behaviour of the process. 
2 .1.1 
From Fig 2.1 the first major subdivision is into biode-
gradable COD (Sb.) and unbiodegradable COD (S .) fractions. This 
i ui 
division is important for the following reasons: In design, knowing 
biodegradable COD concentration and the flow per day gives the 
biodegradable COD load on the plant; knowing the mass of 
INFLUENT 
COD ( 8 ti ) 
2.2 
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Division of the total influent COD in municipa~ 
wastewaters into its various constituent fract-ions 







f s . 
us ti 
f s . 
up ti .. ·' ., . 
f = unbiodegradable soluble COD fraction with regard to 
us 




f unbiodegradable particulate COD fraction with regard to 
up 
the total COD (mgCOD/mgCOD). 
Hence from Eq (2.2) 
s . 
ui 
(f + f ) s . 
us up ti 
(2.5) 
The particulate unbiodegradable COD concentration may be expressed 
also in terms of volatile solids, X .. : 
ii 
x.. s . /f ii upi CV 
where 
f . s . /f 
Up ti CV 
(2.6) 
X.. unbiodegradable particulate volatile solids concentration 
1.l 
in the influent (mgVSS/£) 
f COD to VSS ratio of the solids 
CV 
1,48 mgCOD/mgVSS. 
Biodegradable COD fractions: 
The biodegradable COD concentration is found from Eq (2.1) as follows: 




and from Eq (2.5) 
S.-S.(f +f) 
ti ti up us 
= .s . ( 1 - f - f ) 
ti up us 
2.8 
(2. 7) 
From Fig 2.1 the biodegradable COD, Sbi' is divided into readily 
biodegradable soluble COD, Sb ., and slowly biodegradable particulate s i 
COD, Sb .. pi Each can be expressed in terms of Sbi as follows: 
Sb . s i 




readily biodegradable COD fraction with respect to the 
biodegradable COD. 
The readily biodegradable COD can also be expressed in terms of the 
total COD, Sti' i.e. substituting for Sbi from Eq (2.7) in Eq (2.8) 
yields 
Sb . s i 
where 








2.2 Nitrogenous materials 
Characterization of the nitrogenous material in the 
influent is with the Total Kjeldahl Nitrogen (TKN) and 
2.9 
free and saline ammonia tests. As for the carbonaceous material, 
the nitrogenous material also is subdivided into different fractions 
but in a different fashion from that for the carbonaceous material. 
The subdivision is shown in Fig 2.2. 
In certain wastewaters nitrate and nitrite might be 
present; the TKN test does not include these. The vast majority 
of municipal effluents will not contain nitrate or nitrite because 
in most sewerage systems the wastewater will be in an unoxygenated 
state and any nitrate entering the system is likely to be denitrified 
before it reaches the wastewater treatment plant. 
2.2.1 
The free and saline ammonia fraction, N ., is determined 
ai 
by a test of this name. The preteinaceous or organic fraction is 
determined by difference between the TKN, N ., and free and saline 
ti 
ammonia values, N .. 
ai 
The free and saline ammonia is immediately available for 
incorporation into the bacterial protoplasm and for conversion to 
nitrite or nitrate, if the process is appropriately designed. 
The proteinaceous fraction, from Fig 2.2~ consists of a 
number of sub-fractions, unbiodegradable soluble and unbiodegradable 
particulate organic nitrogen fractions, N . and N . respectively, and 
. ui pi 
a biodegradable organic nitrogen fraction, N .. The unbiodegradable oi 
soluble fraction passes unaffected through the system and is 
discharged in the effluent similar to the soluble unbiodegradable COD. 
The unbiodegradable particulate organic nitrogen by implication must 
be part of the unbiodegradable particulate COD (as X .. ), and is treated ii 
as such, hence, this fraction leaves the process via the sludge 
wasted daily. The biodegradable organic nitrogen is broken down 
by the heterotrophs to free and saline ammonia which with its 
influent counterpart participates in any further biologically mediated 
reactions. The breakdown occurs very readily and normally it can be 
FREE AND MUt'4E 















Fig 2.2 Division of the total influent TKN in municipal 
wastewater into its various constituent fractions 
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expected to be virtually complete for all sludge ages greater than 
about 3 days. 
With regard to measurement of these fractions, the free 
and saline ammonia (N .) is measured directly by the test bearing ai 
this name; the total organic nitrogen is found from the difference 
between the TKN and free and saline ammonia test concentrations. 
Difficulties in quantification arise when subdividing the total 
organic nitrogen into its biodegradable and unbiodegradable 
fractions, N ., N . and N ., (see Fig 2.2). N . and N . are 
Oi ui pi ui pi 
postulated by association to their counterparts in the COD sub-
division. Estimates of their magnitudes can be obtained only by 
comparing the observed response of laboratory scale processes with 
that predicted by the theoretical model incorporating these 
fractions. From a large number of such comparisons on processes 
operated within the range of sludge ages from 2 to 30 days, under 
cyclic and steady states in the temperature range 12 to 25°C, it 
would appear that N . and N . are necessary in the model to obtain ui pi 
good and consistent correlation between observation and prediction. 
However, the fractions are small and it is not necessary therefore 
to have accurate estimates. Concurrently N . is expressed in terms 
pi 
of the unbiodegradable particulate volatile solids in the influent 
(X .• ) i.e. N. is 10% of X .. (see Eq 2.13): from experimental data ii pi ii 
on the TKN/VSS ratio of the MLVSS in the biological reactor, using the 
same influent wastewater source it was found that the TKN/VSS ratio 
remained the same irrespective of sludge age from 3 to 30 days despite 
the fact that the various VSS fractions change with sludge age. 
Hence it is reasonable to accept that the TKN/VSS ratio of the inert 
organic solids is equal to that of the other VSS fractions at 0,10 
mgN/mgVSS. Furthermore the unbiodegradable soluble organic 
nitrogen concentration (N .) apparently is very low, between 0 and 5% 
U1 
of the influent TKN for raw wastewaters. Later it will be shown 
(Chapter 5) that the N . concentration plays a very minor role in ui 
design. 
2.2.2 
The suggested fractional values are listed in Table 2.1. 
The total TKN, S . is divided into its constituents as ti 




N .- + N . + N . + N . 
al. Ul. pl. 01. 
N . total influent TKN (mgN/£) 
ti 
N . influent ammonia (mgN/£) 
ai 
N . soluble unbiodegradable organic nitrogen 
Ul. 
in the influent (mgN/£) 
N . = particulate unbiodegradable organic 
pl. 
nitrogen in the influent (mgN/£) 





It is convenient to express some of the fractions of nitrogen in 
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The unbiodegradable organic nitrogen in the particulate material, 
N ., is best expressed in terms of the unbiodegradable influent pi 
2.13 
volatile material, X .. , or in terms of its COD counterpart, i· e . 1.1. • • 
N . = f S ./f = f X .. 
pi n upi cv n 11 
where 
f nitrogen fraction of the influent biodegradable 
n 
volatile particulate material ~ 0,10 mgN/mgX .. 
1.1. 
(2.13) 
From Eqs (2.10 to 2.13), the biodegradable organic nitrogen (N .) 
01. 
can be found by subtracting N ., N . and N . from N . 
Ul. al. pl. tl. 
N . 
01. 
N . (1 - f - f ) - f f S . /f ti na nu n up ti cv (2.14) 
The significance of the various influent TKN fractions on the design 
of nutrieht removal activated sludge processes is discussed in 
Chapter 3, Section 8 and in Chapter 5, Section 3. 
2.2.3 
Experimental observations on the number of different 
municipal wastewater flows have indicated that the maximum specific 
growth rate constant of the nitrifiers, µ , can differ greatly in 
nm 
value and appears to be specific to each waste flow. The magnitude 
of µ can have a significant influence on the design of nutrient 
nm 
removal processes, see Chapters 3, 4, 5 and 6. Therefore, for 
optimal design it is most desirable to have an estimate of µ . This 
nm 
estimate is obtained by running a completely mixed single reactor at 
a sludge age of about 8 days, at 20°C imposing a sequence of aerobic 
and anoxic periods on it and measuring the rate of nitrate increase 
(or the rate of Alkalinity decrease) during the aerobic period. 
The data thus obtained can be analysed manually to give the µ at 
nm 
20°C, i.e. µnmzo· By applying the well established relationship 
between µ and temperature the value at any temperature can be nm 
determined. Details of the test procedure and analysis of the data 
are given in Appendix A4. 
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2.3 Phosphorus 
The total phosphorus concentration in municipal wastewaters 
3-
c ons is ts mainly of two fractions, a soluble orthophosphate (P04 ) 
fraction and an organically bound phosphorus fraction which may be 
soluble or particulate in form. In both settled and raw municipal 
wastewaters, the orthophosphate fraction predominates, ranging be-
tween 70 to 90 percent of the total phosphorus. 
'/• 
The orthophosphate concentration can be measured by a 
colorimetric test of that name. However, this measure records only 
the orthophosphate concentration of the influent, which may under-
estimate the total phosphorus in the influent by about 10 to 20 percent 
or more. The organically bound phosphorus is converted to ortho-
phosphate in the activated sludge process so that the orthophosphate 
concentration in the influent underestimates the phosphorus to be 
~ 
removed in the process. For example, if the orthophosphate concen-
tration is 8 mgP/£ and the total-P is 10 mgP/£ then for an effluent 
standard of 1 mgP/£ orthophosphate, if the plant is designed to remove 
7 mgP/£ on the basis of the ortho~P influent concentration, the 
effluent actually will contain 3 mgP/£ ortho-P. The process should 
be designed to remove 9 mgP/£ on the basis of the total-P influent 
concentration. Conse~uently, for the influent the only reliable 
test is the total-P test. For the effluent, the filtered ortho-P 
concentration very closely approximates the filtered total-P 
concentration and this ortho-P test would appear to be adequate. 
However~ in performing the ortho-P test, a problem sometimes is encoun-
tered in that the natural colour in some wastewaters interferes with 
** the colorimetric test giving rise to spurious results. 
3. PHYSICAL CHARACTERIZATION 
Physical characterization of the influent exists mainly 
in estimating the expected performance of the primary settling tank. 
* All phosphorus and phosphate concentrations are measured relative 
to the phosphorus atom i.e. mgP/£. 
This is a problem encountered in treated effluents from the Western 
Cape, but apparently is absent from treated effluents of Johannesburg 
and Pretoria. 
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The function of the settling tank is to-separate in some degree the 
settleable particulate material from the influent flow to give a 
supernatant overflow having reduced values of COD, TKN and Phosphorus. 
Physical characterization basically is made on the relative 
size of the particles in the wasteflow. Here three broad divisions 
are recognized, dissolved, colloidal and suspended solids, see Fig 
2.3. Generally material of particle size smaller than 10-3 to 1 micron 
are taken as colloidal and material with particle size larger than 1 micron as 
suspended. To obtain estimates of the suspended material pore size 
membrane filters other than 1 micron are in use which can lead to 
significantly different results so that when reporting or inter-
preting data, careful note should be made of the pore size of the 
filter membranes (and papers) on which the data is based. 
The fraction of suspended solids (i.e. retained on a 
1 micron filter) that can be removed by gravity settling is called 
the settleable solids and usually ranges in equivalent pore size 
from 10 to 50 micron depending on particle density. However a more 
practical procedure, to estimate the mass of settleable solids in a sample 
of wastewater, is to use the Imhoff cone: A one litre Imhoff cone 
is filled with a sample and allowed to settle for two hours. The 
volume of solid material settled into the bottom of the cone gives a 
measure (in ml/£) of the quantity of material that can be removed by 
gravity sedimentation. From a large number of tests it has been 
found that 1 ml/£ of settleable solids is approximately equivalent 
* to a dry mass of 25 mg/£; with this equivalence it is possible 
to obtain an estimate of the mass of settleable solids using the 
Imhoff test. 
The settleable solids can be measured either as total solids 
where total solids include both the organic and inorganic fractions, 
or, as volatile or organic solids where the volatile solid is the 
difference between the total solids and the ash remaining after the 
* mass retained on filter paper (Whatmans No.l) after drying for 
12 hours at 105°C. Measurements taken from raw wastewater at the 
Vienna main treatment works by Von der Emde and Ekama et al. 
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Fig 2.3 Particle size range and classification. 
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total solids are incinerated in an oven at 600°C for half an hour. 
At this temperature most inorganic (mineral) salts, except 
magnesium carbonate, do not decompose or volatilize. The ratio 
Volatile Solids:Total Solids of the settleable solids from municipal 
wasteflows is about 0,75 i.e. 75% volatile, 25% mineral so that 
Volatile Solids~ 0,75 Total Solids. The COD associated with the 
volatile solids can be estimated by multiplying the volatile solid 
mass by 1,48 i.e. COD ~ 1,48 Volatile Solids. 
The Imhoff cone test serves a means whereby the percentage 
removal of Total Phosphorus and TKN in the primary settling tank can 
be estimated. This is done by determining total-P and TKN concen-
trations in the waste sample before settling and in the supernatant 
after settling in the cone. 
In a primary settling tank the degree of COD and settleable 
solids removed by gravity sedimentation depends on the upflow 
velocity (overflow rate) and retention tiem. For relatively deep 
tanks (>3m) with mean retention times of 2 to 3 h and mean overflow 
rates of 1,5 to 2 m/£ between 50 and 80% of the settleable solids 
(as given by the Imhoff cone test) and 30 to 50% (mean of 40%) of the 
total COD will be removed. Increasing the retention time above 3 h 
does not improve the removals significantly. However,lowering the 
retention time to say one hour (equivalent to 3 m/h mean overflow 
rate) reduces the removal to about half of that at 3 h retention 
time. 
With regard to the TKN and P removal in primary tanks this 
can vary depending on state of the waste flow. It seems that in fresh 
wastewater a larger fraction of the TKN and P may be bound to the 
settleable solids than if the wastewater is old and solubilization 
of the TKN and total P fractions has occurred. Unfortunately 
insufficient information on these aspects is available to lay down 
criteria for design. For design it would seem preferable to assume 
that solubilization does occur so that only a minor fraction of the 
TKN and P respectively is removed by primary sedimentation, between 
15 and 25%, even though there are reported removals of up to 40%. 
The discussion above indicates that with primary sedimentation 
2.17 
a significant reduction is obtained in COD ( 40%) but a smaller reduction 
of TKN and total P (15 to 20%). This has the effect that settled 
wastewater has increased TKN/COD and P/COD ratios compared to the 
raw wastewaters. Note also that the readily biodegradable COD con-
centration (Sb . ) which is completely in the dissolved form is not 
Sl. 
reduced so that the concentrations in the raw and settled flow are 
the same, hence the fraction Sb ./St. increases for settled sewage. s 1. 1. 
With regard to the unbiodegradable particulate COD this fraction 
appears to be largely removed by primary sedimentation' so that settled 
wastewaters contain low fractions of unbiodegradable particulate COD. 
4. QUANTIFICATION OF WASTEWATER CHARACTERISTICS 
In the above section the various chemical and physical 
wastewater characteristics were defined. In this section these 
characteristics are quantified to facilitate their use in design. 
The influence of the various characteristics on the design of an 
activated sludge process is discussed in Chapter 3. 
The ranges of the magnitudes of the various chemical and 
physical characteristics of approximately normal raw and settled 
municipal wastewaters are listed in Table 2.1. The variability of 
municipal wastewaters is such that it is difficult to give smaller 
ranges for these characteristics. Generally it has been found that 
the greater the diversity and larger the community from which the 
wastewater originates, the less the characteristics will vary during 
the life of the plant. Also the greater the diversity and larger 
the community, the smaller the daily variations in wastewater 
characteristics and flow. 
A diagrammatic representation of thi::! magnitudes of the 
different COD and TKN fractions in an approximately normal raw 
municipal wastewater is shown in Figs 2.4 and 2.5 respectively. With 
r~gard to the COD fractions, Fig 2.4 shows that about 7% of the total 
COD is soluble unbiodegradable, 13% particulai~e unbiodegradable, 60% 
particulate slowly biodegradable and 20% soluble readily biodegradable. 
With regard to the TKN fractions, Fig 2.5 shows that about 3% of the 
total TKN is soluble unbiodegradable organic nitrogen, 10% particulate 
unbiodegradable organic nitrogen associated with the particulate 
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Table 2.1 Approximate average municipal wastewater characteristics 
for raw and settl~·d . .Jastewatefs in· South Africa. 
Wastewater Characteristic 
1. Influent COD (mgCOD/£) 
2. Influent BOD5 (mgBOD/£) 
3. Influent TKN (mgN/£) 
4. Influent Phosphorus (mgP/£) 
5. Total Suspended Solids (mg/£) 
6. Settleable Solids in (mg/£) 
in (ml/ £)Mc 
7. Non-Settleable Solids (mg/£) 
8. TKN/COD ratio (mgN/mgCOD) 
9. Total P/COD ratio (mgP/mgCOD) 
10. Unbio.particulate COD fraction (fup) 
11. COD/VSS ratio of unbio.particulate COD 
(fcv) (mgCOD/mgVSS) 
12. TKN/VSS ratio of unbio.particulate COD 
(fn) (mgN/mgVSS) 
13. Unbio.soluble COD fraction (fus) 
14. Fraction Biodegradable COD (Sbi/Sti) 
15. Readily Biodegradable COD with respect 
to total (fts) 
16. Maximum specific growth rate of the 
nitrifiers (/d) 
17. Arnrnonia/TKN fraction (fna) 
18. Unbio.soluble TKN fraction (fnu) 
19. Minimum Temperature (°C) 
20. Maximum Temperature (°C) 




















































i< Note that the characteristics of settled wastewater should be 
;'de 
selected in conformity with the characteristics of the original 
raw wastewater and primary settling tank behaviour (see Chapter 
4, Section 12.1). 













Fig 2.4 Diagrammatic representation of the different fractions 
of the total influent COD concentration. Numerical 
values apply to raw municipal wastewa:t;er. 
Fig 2 .5 Diagrammatic representation of the Vm"ious fractions 
of the influent TKN in municipal wastewater. Numerical 
values apply to raw municipal wastewater. 
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unbiodegradable COD, 12% biodegradable~organic nitrogen and 75% free 
and saline ammonia. 
Caution should be exercised when selecting an f value: 
up 
social organization of the community for whom the wastewater treatment 
process is envisaged must be critically examined. For example, 
analysis of data reported by Sutton et al. (1979) from Canada, indicates 
that the f fraction is 0,25 for raw wastewater. It appears that the 
up 
use of garbage grinders in Canada ·significantly increases the f fraction. 
up 
This demonstrates the pitfalls in selecting wastewater characteristics 
uncritically and without due recognition of the factors which contri-
bute to the nature and composition of the wastewater. It also demon-
strates the dangers of applying uncritically technology developed 
overseas to local conditions and vice versa. 
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INFLUENCE OF WASTEWATER CHARACTERISTICS 
ON PROCESS DESIGN 
by 
G A Ekama and G v R Marais 
1. INTRODUCTION 
In this chapter considerations in the design of nutrient 
removal activated sludge processes are qualitatively described to 
provide a background for the subsequent chapters in which the process 
design for COD removal only (Chapter 4), nitrification (Chapter 5), 
nitrification-denitrification (Chapter 6) and biological phosphorus 
removal (Chapter 7) are qu~ntitatively set out - in these chapters, 
detailed equations, design charts, sample calculations and recommenda-
tions for design are presented. 
2. RELATIVE IMPORTANCE OF CHARACTERISTICS 
In the design of activated sludge processes the character-
istics of the wastewater are of prime importance. These 
characteristics govern both the selection of the process and the 
removals of nitrogen and phosphorus attainable in the process. 
are: 
Influent wastewater characteristics of crucial importance 
(1) Mean influent COD and TKN concentrations (S . and N . ti tl 
respectively) and mean daily flow (Q) 
(2) Influent readily biodegradable COD fraction (fbs ) 
(3) Influent TKN/COD concentration ratio (N ./S .) . ti ti 
(4) Influent (Total P)/COD concentration ratio (P ./S .) 
ti ti 
(5) Maximum specific growth rate of the nitrifiers at 
the reference temperature of 20°C (µnm 20 ) 
3.2 
(6) Average minimum and maximum temperatures (T . and T ) min max 
in the process. 
Influent wastewater characteristics of lesser importance are: 
(7) Unbiodegradable soluble COD fraction (f ) us 
(8) Unbiodegradable particulate COD fraction (f ). up 
Influent characteristics normally not important in design are: 
3. 
3.1 
(9) Unbiodegradable soluble organic nitrogen fraction (f ) and nu 
(10) Ammonia fraction o:t the TKN (f ) . na 
EFFECTS OF CHARACTERISTICS ON DESIGN 
Influent COD and influent flow 
* The mean influent COD concentration., S ., and mean flow per 
ti 
day, Q, defines the mass COD load per day on the plant, M(S .), by ti 
M(S . ) = 
ti s .. Q ti 
This COD mass consists of various fractions, as set out in Chapter 2, 
and these fractions are different for unsettled and settled municipal 
waste flows. However, to indicate the effect of the COD on the 
plant design, accept a specific waste flow influent. Then, for a 
specified sludge age, once M(Sti) is known, theoretically the mass of 
sludge in the reactor, M(X) or M(X ), and the mass of oxygen required 
v t 
daily for carbonaceous degradation, M(O ), also are known. The 
c 
sludge age must be specified as the mass is very sensitive to the sludge 
age. Knowing the mass of sludge, the volume of the reactor is found 
from the specified mixed liquor concentration, Xv or Xt, i.e. the mass 
of sludge is "diluted" to the required concentration by providing the 
appropriate volume, 
;'t 
The mean influent COD, St'i, is the weighted mean concentration; it 
is not the mean of the COD concentrations measured over the day on the 
influent. The magnitude of Sti is found from measuring every hour, say, 
the COD, Stj_(t), and flow, Q(t), and forming 
24 24 
sti = [ 2: sti(t).Q(t)J/[ 2: Q(t)] 
t=1 t=1 
If the wastewater is settled, Sti refers to the measurements on the 










Knowing the volume, one can now calculate, if so desired (it is not 
essential) the nominal hydraulic retention time, ~n' of the reactor, 
= v /Q 
p 
From a process design point of view the hydraulic retention time 
is of little interest: For two waste flows, having the same COD 
fractional constitution, provided M(S .) and X are the same for ti v 
both, the volumes of the two plants and the oxygen demand per day will 
be identical irrespective of whether the first flow consists of a low 
S . and high Q and the. second of a high S . and lo.w Q. 
ti ti The nominal 
hydraulic retention time will differ, the first plant having a short 
and the second a long retention time respectively but this does not 
affect the degradation action, except insignificantly. The influent 
flow is important in the design of the settling tanks - for the same 
upflow velocity ( overflow rate) in the secondary settling tank, the 
size for the first flow (high) will be larger than that for the 
second flow (low). Thus knowing only the COD load (and its 
fractional components), and the sludge age, the volume of the plant 
and the mean carbonaceous oxygen requirements can be estimated rapidly, 
also, the mass of sludge to be wasted per day. Knowing the mean flow, 
the size of the settling tanks can be estimated. Once these basic 
estimates are available, the effects of cyclicity in the flow and 
load on the peak carbonaceous oxygen demand and peak flow through 
the settling tank, then can be superimposed. 
It was stated above that the mass of sludge, M(X ), depends 
v 
on M(S .) and the sludge age. ti As the sludge age increases so the 
M(X ) increases likewise, the mass being roughly proportional to 
v 
the sludge age; this is illustrated in Fig 3.1 where the mass of 
sludge in the process per unit influent COD, for unsettled and 
settled "normal" municipal waste flows, are shown plotted versus 
sludge age. Consequently the longer the sludge age, the bigger the 
reactor volume required to deal with the same M(S .). In Fig 3.1 ti 
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Fig 3.1 Mass of volatile solids and mass of 
carbonaceous oxygen demand per day 
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age for settled and unsettled municipal 
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are shown plotted also the carbonaceous oxygen demands per unit COD 
input for settled and unsettled waste flows. As for M(X ) the respective 
v 
magnitudes of M(Oc) do not differ greatly between settled and unsettled 
wastes per unit influent COD. The difference arises principally from the 
fraction of unbiodegradable particulate COD, f , in the two wastes being 
up . 
higher in unsettled than in settled waste. However the total 
masses of sludge and carbonaceous oxygen demands for the two flows 
will differ appreciably because approximately 40% of the COD is 
removed in the primary settling tanks. 
3.2 Influent TKN, JJ T and Temperature nm 
In the discussion above, to calculate the sludge mass it was 
stated that the sludge age must be specified. Selection of the 
sludge age probably is the most important decision the designer must 
make, particularly when the objective includes nutrient removal. 
If removal of carbonaceous material only is requir~d, the sludge age 
can be quite short; three days will be enough for COD removal -
the sludge age selected is dependent more on the expected settle-
ability of the sludge than on the COD removal. If nitrification 
only is required the sludge age must be sufficiently long to allow 
the nitrifying organisms to grow and metabolize virtually all the 
available nitrogen. If denitrification is required in addition to 
nitrification, a fraction of the sludge mass must be kept unaerated 
to denitrify the nitrate generated. As the nitrifiers are obligate 
aerobes, this implies that in a nitrification-denitrification plant 
the sludge age must be increased a_!>9vethat where nitrification only is 
required, to ensure that the aerobic sludge age is still adequate for 
nitrification. 
The maximum specific growth rate constant of the nitrifiers, 
µnm' defines the minimum aerobic sludge age for the initiation of 
nitrification. This minimum sludge age must be increased by a 
further 25 percent to ensure that nitrification is near complete. 
Now JJ tends to be specific to the waste flow and can range from 
nm 
0,30 to 0,65/day at 20°C. Also, JJ is very sensitive to temperature, nm 
the value halving for every 7 degC drop in temperature. The 
3.6 
"aerobic" sludge age is given by l/µ ; it :Ls clear therefore that, nm 
in a nitrification plant, a low µ value for the waste flow coupled nm 
with a low temperature during the winter, will require a long sludge 
age to ensure efficient nitrification throughout the year. In 
nitrification-denitrification plants the process sludge age needs to 
be increased further to accommodate the effects of the unaerated 
fraction of the sludge mass. These factors in combination can cause 
that whereas a sludge age of 4 days for a µ = 0,3 at 20°C will be 
nm 
adequate theoretically for a purely nitrifying aerobic plant, for an 
nitrifying-denitrifying plant with µ 20 = 0,3, T . = 12°C and an nm min 
unaerated sludge mass fraction of 0,5, the minimum process sludge 
age will be about 15-20 days to ensure a high efficiency of nitrifica-
tion. 
Provided the sludge age is adequate, the mass of nitrate 
formed by a process is given by the mass of TKN in the influent minus 
the mass of nitrogen incorporated in the sludge mass wasted every day. 
This gives the nitrification capacity of the plant (usually expressed 
as nitrate formed/unit flow). The higher the TKN concentration in 
the influent so, in general, the higher the nitrification capacity -
we can form the rough rule that the nitrification capacity is 
proportional to the TKN concentration in the influent. 
3.3 
3.3.1 
Readily Biodegradable COD, Slowly Biodegradable COD 
~b!E2g~~-E~~2Y9:1 
In the previous section it was mentioned that a fraction of 
the process sludge mass must be unaerated to denitrify the nitrate 
generated in the aerobic fraction, but the magnitude of this unaerated 
fraction was still undetermined. It is the intent now to describe 
qualitatively how this unaerated fraction is determined and how the 
influent characteristics affect the determination. 
acceptor. 
In the absence of oxygen, nitrate serves as an electron 
With oxygen, the process designer has the problem of 
determining the oxygen demand for known COD load; in denitrification 
the problem is to determine the COD to denitrify a known mass of 
nitrate. The COD for denitrification comes from three sources 
(1) influent readily biodegradable soluble COD, (2) influent slowly 
biodegradable particulate COD and (3) particulate COD derived from 
the death of organisms. Usually (2) and (3) are lumped together in 
formulating the reduction of nitrate. 
3.7 
In the nitrification7denitrif~cation process because the 
same sludge mass generates the nitrate and denitrifies it (called 
the single sludge process), the sludge mass normally is subdivided 
into two reactors in series, the one aerated (to nitrify) and the 
1~ 
other unaerated (to denitrify). Two basic configurations have 
been developed, the Modified Ludzack-Ettinger (MLE) configuration, 
Fig 3.2 and the Wuhrmann configuration Fig 3.3 . In the MLE 
configuration, the first reactor is left unaerated, the second is 
aerated. The nitrate generated in the second reactor is transferred 
to the first via the underflow and an inter-reactor (internal) 
recycle. In the Wuhrmann configuration the nitrate is generated 
in the first reactor and transferred by the normal serial flow 
to the second unaerated reactor - an internal recycle is not 
required, the only recycle being the underflow recycle to transfer 
the sludge from the secondary settling tank back to the first 
reactor. 
The denitrification action can best be explained by con-
sidering the unaerated reactors as plug flow reactors. (This can 
be shown to provide valid explanation also for completely mixed 
reactors). In the unaerated reactor of the MLE configuration (called 
the primary anoxic reactor), the denitrification takes place at two 
simultaneously occurring rates, the first due to the influent 
readily biodegradable COD, the second due to the particulate COD 
derived principally from the influent, see Fig 3.4(a). The first 
rate is very fast,the reaction being complete in 6 to 20 minutes 
and it utilizes all the readily biodegradable COD. The second rate 
is slower, at about l/7th of the first rate, and continues for the 
total time in the reactor. In the unaerated reactor of the 
Wuhrmann configuration, (called the secondary anoxic reactor), a 
single denitrification rate is observed, due principally to the 
slowly biodegradable particulate COD derived from death of the 
i~ 
Other processes, in which the sludge is sequentially aerated and left 
unaerated, also have been proposed and built, either sequentially in 
time in a single completely mixed reactor or sequentially in space as, 
for example, in the Carrousel system. 
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Fig 3.2 Modified Ludzack-Ettinger nitrification 
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organisms, [Fig 3.4(b) J. This source of COD becomes available at a 
low rate and the denitrification rate accordingly is low, about 2/3 
that due to particulate COD in the MLE. primary anoxic reactor. 
The nitrate removal can be expressed either as total mass 
removed per day or as mass removed per litre of flow, i.e. as a 
concentration relative to the flow mg 6(N03 -N)/£ flow. 
The latter method is the most convenient because it allows ready 
comparison with the TKN concentration in the influent flow, mgTKN/£ flow. 
We have stated that the removal is due to the complete utilization of 
the readily biodegradable COD and the partial utilization .of the 
biodegradable particulate COD. The denitrif ication achievable due 
\ 
to the latter can be formulated in terms of a denitrification rate 
constant, K, the active mass of sludge generated per litre of 
influent and the fractional mass of the process sludge contained in 
the specific anoxic reactor, as follows: (See Chapter 6, Section 4). 
In the primary anoxic reactor 
6N1 C (mass of readily biodegradable COD per litre of influent) 
+ K0 (mass of active sludge generated by one litre of 
I. 
influent) x (mass fraction of sludge in the primary anoxic 
reactor) (1) 
In the secondary anoxic reactor 
6N3 K3 (mass of active sludge generated per litre of influent) 
x (mass fractiori of sludge in the secondary anoxic reactor) 
(2) 
The values of K2 and K3 have been determined experimentally and found 
to remain virtually constant for sludge ages between 10 and 30 days, 
at a fixed temperature. This is also indicated by simulation using 
the general.activated sludge model of Dold, Ekama and Marais (1980) 
as extended to include denitrification by van Haandel, Ekama and Marais 
3.11 
(1981). The two equations developed above, expressed in technical 
terms are for primary and secondary anoxic reactors respectively 
YhRs R. 1 
+ K S (1-f -f ) _-ll_n_ 
2 1 + bhRs ti us up ~n 
* (3) 
YhRs R. 3 
K S (1-f -f ) _-ll_n_ 
3 1 + bhRs ti us up ~n 
* (4) 
~nl/~n and ~n3/~n are the ratios of the nominal retention times 
of the primary and secondary anoxic reactors respectively with 
respect to the total. The ratios respectively are equal to the 
primary and secondary anoxic sludge mass fractions. Here as for 
aerobic biological degradation, the nominal retention is not the 
basic parameter even though one may formulate the equations to 
include it. From Eqs (3) and (4) the denitrification potential 
is a function of the influent COD,S . but is approximately so only 
ti ' 
being modified by the magnitude of the unbiodegradable fractions 
of the influent COD, f and f us up 
In Eq (1), all the readily biodegradable COD is utilized; the 
denitrification attained from this source in the influent is very 
effective and constitutes about 50% denitrification achieved in 
"normal" municipal wastewater. The removal due to the particulate 
biodegradable COD typified by K2 and K3 in Eqs (1) and (2) inteP alia, 
is directly proportional to the anoxic sludge mass fractions of the 
respective anoxic reactors (i.e. fxl and fx 3). These fractions cannot 
be increased ad lib; for a fixed sludge age the magnitude of the sum 
of these two fractions is subject to the proviso that efficient 
,., 
These equations are for illustrative purposes only, the meaning of 
the symbols can be found in Chapters 4 to 6. 
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nitrification must be maintained and this in turn is fixed by the 
aerobic sludge age. In this way there is an upper limit to the 
sum of anoxic sludge mass fractions which limits the nitrate 
removal achievable. Furthermore because K3 is roughly 2/3 of K2 , 
the nitrate removal due to K
3 
in the secondary anoxic reactor per 
unit volume is only about 2/3 as effective as that in the primary 
anoxic reactor so that per unit sludge mass fraction the primary 
anoxic reactor is more efficient than the secondary anoxic 
reactor. 
The nitrate removals, 6N1 and 6N2,are called the denitrifica-
tion potentials of the respective reactors. The term potential 
is used because in the primary anoxic reactor (as in an MLE process), 
for example, the denitrification potential can be achieved only if 
sufficient nitrate, equal to the potential, is recycled to this 
reactor - if less is recycled the full potential of the reactor is 
not realized and the denitrification performance (or denitrification 
capacity) is less than the denitrification potential. When the 
performance is less than the potential then the performance can be 
increased by increasing the recycle. Now the recycle contains 
dissolved oxygen in addition to nitrate, and the oxygen utilizes the 
COD preferentially; in consequence, recycl·~ ratios in excess of 4 
to 6 usually do not significantly improve the performance, but even 
can cause a decrease in performance due to the high mass of D.O. 
transported to the anoxic reactor via the recycle flow. If more 
nitrate is recycled than that defined by the potential, only the 
potential value is removed, the excess is returned from the anoxic 
reactor to the aerobic reactor; in such a situation the recycle can be 
reduced appropriately without affecting the nitrogen removal by the 
process. 
The combined primary and secondary anoxic sludge mass fraction 
i.e. the total unaerated sludge mass fraction, cannot be increased 
ad lib., for two reasons: 
(1) Nitrification requires a minimum aerobie sludge age and to 
preserve this, as the unaerated mass fraction is increased so 
3.13 
also the process sludge age .. must be increased to preserve the 
minimum aerobic sludge age; increasing the sludge age, however, 
increases the total mass of sludge and hence the total volume of the 
reactor system. Furthermore, any increase has a relatively 
small effect on nitrate removal because the increase contributes 
to denitrification only through the K2 or K3 
components and these 
are relatively inefficient. Practically, for South Afric~n 
conditions, the upper limit to a sludge age appears to be about 
30 days. 
(2) When the nitrification rate is high the aerobic sludge age 
can be small so that with a long sludge age it would be possible 
to have a large unaerated sludge mass fraction. Experimental 
data, supported by simulation studies, show that for sludge ages 
between 20 and 30 days, if the unaerated fraction of a process 
increases above about 70% at 20°C and about 50% at 12°C the time 
available for aerobic degradation is insufficient to process all 
the particulate influent biodegradable COD and the process acquires 
a degradation pattern still ill understood. Consequently for 
design under South African conditions for sludge ages of 20 to 
30 days, the unaerated mass fraction should not exceed about 55 
to 60%. 
We have noted earlier that the denitrification potentials are 
approximately proportional to the influent COD concentration, S .. ti 
Now previously it was pointed out that the nitrification capacity is 
approximately proportional to the influent TKN. Consequently the TKN/ 
COD ratio of the influent is a good parameter in terms of which to 
assess process nitrification-denitrification behaviour because it 
. gives approximately the ratio of the nitrate generated to the denitri-
fication potential. Now accepting that 
1) µ will vary around 0,4/d, nm 
2) the sludge age is in the range 20 to 30 days, 
3) "normal" municipal wastewater flows contain roughly readily 
biodegradable COD fractions of about 20% with respect to the 
total influent COD, 
3.14 
4) the internal recycle ratio is limited to a maximum of 6:1, 
5) the minimum winter temperature is 14°C, 
it would appear that for these conditions, if the influent TKN/COD 
is greater than about 0,10, the denitrification potential is such that 
it is not possible to denitrify all the nitrate generated even if all 
the unaerated fraction of the process is located in the primary 
anoxic reactor. Consequently in this situation the MLE process is 
the most efficient. If the influent TKN/COD ratio is less than 
about 0,09 then complete denitrification is possible. Even if 
complete denitrification is possible this cannot be accomplished by 
using an MLE process only for the following n~ason: 
Say the steady state nitrate concentration in the aerobic reactor 
is N mg/.e, if an internal recycle ratio of a is imposed and an under-
flow recycle ratio of s then (a+s)/(a+s+l) of this nitrate is 
recycled and l/(a+s+l) goes out with the effluent. To deal with 
the l/(a+s+l) fraction a secondary anoxic reactor needs to be 
incorporated also in the process, to 81ve the Bardenpho process 
first proposed by Barnard, 1973 (Fig 3.5). Of course the secondary anoxic 
reactor per unit volume is not as efficient as the primary because 
K3 < K2 so that the denitrification potential for the same unaerated 
total mass fraction will be lower than for an MLE process only,but 
this must be sacrificed and is the reason why complete denitrification 
is achievable only for a TKN/COD S 0,09 instead of 0,10. This 
significant reduction in the upper limit of the TKN/COD is principally 
because the a-recycle should not be increased above a = 6 (to limit 
the feedback of oxygen to the primary anoxic reactor). If the oxygen 
in the recycle could have been reduced to zero then very high a-recycles 
could be utilized and it might not be necessary to employ a secondary 
anoxic reactor. 
As the TKN/COD ratio decreases below 0,09 so the size of 
the primary anoxic reactor may be decreased and the second anoxic 
reactor increased in order to maintain a low recycle, illustrated in 
Fig 3.6. 
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Fig 3.5 Bardenpho process for biological nitrogen 
.removal - a combination of the modified 
Ludzack-Ettinger and Wuhrmann processes. 
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There is considerable support for the view that under 
certain conditions some species of organisms, for example, the 
Acinetobacter spp, can take up phosphorus in excess of its meta-
bolic requirements. Some of the acinetobacter species are obligate 
aerobes, others can utilize nitrate as electron acceptor. The 
species is slow growing with rather specific requirements to the 
type of nutrient it can utilize;· it can utilize, for example, 
many of the lower fatty acids, but not sugars, such as glucose. 
Because it is slow growing, in aerobic systems, with mixed cultures 
of organisms, its growth is suppressed by faster growing organisms, 
because the faster growing organism utilizes most of the substrate 
and eventually dominates over the slow growing ones. This is the 
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Fig 3.6 Effect of TKN/COD ratio on relative sizes 
of primary and secondary anoxic reactors 
in the Bardenpho process. 
3.16 
3.17 
From the discussion above, how then does it happen that the 
poly-P organism proliferates, in. some systems containing unaerated 
fractions? Assume that the organism already contains some excess 
I 
phosphate. This phosphate is present as the radical PO~ but bound 
together to form polyphosphate chains. The bonds between the radicals 
in the chain contain appreciable energy. If the acinetobacter is 
discharged to an anaerobic reactor (i.e. a reactor that has neither 
nitrate nor oxygen present), in which substrate is present suitable 
for growth of Acinetobacter spp, it breaks down some of the bonds in 
the polyphosphate chain, releasing phosphate radicals to the surround-
ing liquid. The bond energy thus released is utilized to absorb, 
complex and store the substrate in the organism - we say it sequesters 
the substrate. In contrast, in the anaerobic zone, because no 
external electron acceptor (oxygen or nitrate) is available, the non poly-P 
organisms cannot utilize the substrate. On leaving the anaerobic zone 
and entering an anoxic zone (with nitrate present) or an aerobic 
zone (with oxygen present), the poly-P organism now has electron 
acceptors available and metabolizes the stored substrate sequestered 
for itself in the anaerobic zone i.e. it can grow without being in 
competition with the non poly-P organisms for the balance of the energy 
still available in the surrounding medium. 
In the anoxic and aerobic zones the poly-P organisms, beside 
using the sequestered substrate for growth, al-so use it to take up 
phosphate radicals (POZ) from the surrounding medium, again to form 
phosphate chains for use subsequently when returned to the anaerobic 
zone. Thus, by having the propensity to store polyphosphate the 
acinetobacter and other poly-P organisms have a positive advantage 
over the non poly-P organisms to obtain energy for themselves in the 
apparently inhospitable anaerobic reactor. This explains the 
apparently anomalous growth response of the poly-P organisms. 
The behaviour of the poly-P organisms in the anaerobic 
reactor is not yet well understood but a summary of the behaviour 
appears to be as follows: When a substrate is added that can be 
utilized directZy by the poly-P organisms, such as acetate or 
butyric acid, the release of P (to obtain energy for sequestering 
3.18 
the substrate) is very rapid, and the release is proportional to 
the mass of substrate added. Also, the net removal of P from the 
anaerobic-anoxic-aerobic system increases as the substrate added 
increases, but insufficient data has been collected to express 
these responses quantitatively. 
When sewage is added to the anaerobic reactor the behaviour 
differs in two aspects from that when acetate is added: (1) only a 
fraction of the COD added is implicated in the P release and P 
removal, (2) the rate of P release is significantly slower with 
sewage than with acetate addition and the release is of a different 
kinetic order. 
(1) The influent COD that induces P release seems to be associated 
with the readily biodegradable COD fraction. It has been 
observed consistently in laboratory scale processes that the 
release and removal of P increases and decreases as this 
fraction increases and decreases (see Fig 3.7) although it is 
not yet clear, and highly unlikely, if all the readily biode-
gradable COD is implicated in this action .. 
With regard to the particulate biodegradable COD, this 
fraction appears to have little effect on P release. This is 
not an unreasonable conclusion because the particulate COD 
requires adsorption, storage and extracellular breakdown prior 
to absorption by the organisms; even under aerobic conditions 
the rate of metabolism of the particulate COD is only at 1/7 
to 1/10 the rate at which readily biodegradable COD is metabolized, 
Dold, Ekama and Marais (1981). 
(2) The slower rate of P release with sewage addition compared to 
that with acetate addition seems to indicate that the substrate 
suitable for P release becomes available indirectly to the poly-P 
organisms. This is further supported by the observation that 
whereas with acetate addition the P release appears to be zero 
order with respect to acetate concentration, (Fig 3.8), with 
sewage addition the release appears to conform to a first order 
reaction; in a plug flow anaerobic reactor receiving sewage 
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Fig 3.8 Phosphorus release in a batch anaerobic reactor with different 
concentrations of acetate added. Note the magnitude of the 
release is proportional to mass of acetate added but the rate 
of release is independent of the acetate concentration. 
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along the reactor until it·.is virtually zero. This is also 
indicated in a series system of anaerobic reactors (Fig 3.9). 
The first order nature of the reaction in the series system 
is verified by plotting the log (release/reactor) versus the 
cumul·ative retention time, to give a linear plot, (Fig 3.10). 
Comparison between the release in a plug flow reactor and a 
completely mixed reactor also shows that for the same anaerobic 
mass fraction if the mass fraction is so small that all the P 
is not released in the plug flow reactor, the release in the 
completely mixed reactor is less than in the plug flow one, 
a behavioural pattern in conformity to that expected where a 
first order reaction controls. 
According to the observed behaviour described above, at 
sludge ages about 20 to 25 days, the anaerobic mass fraction 
of a completely mixed reactor should be about 0,2 to ensure 
that 90% or more of the P is released; if it were a plug flow 
reactor the mass fraction needs to be about 0,15 to give the 
same percentage release. Because the release rate is first 
order there is little to be gained by making the anaerobic mass 
fraction greater than about 20%. Mass fraction of 10 percent 
or less again will be too small allowing only about 50 to 60% 
of the potential release to take place. Then again, subdivid-
ing the anaerobic reactor into say two reactors in series gives 
improved usage of the anaerobic reactor mass fraction and 
requires a mass fraction of about 15% to give the same release 
as a completely mixed reactor of 20%. These fractions apply only 
for sludge ages of 20 days and longer. 
The reasons for the different responses observed with acetate 
and sewage readily biodegradable COD additions are not yet clear but 
the following explanation could be valid: Most of the fractions of 
readily biodegradable COD, apparently, are not in a chemical form 
suitable for utilization by the poly-P organisms. In the anaerobic 
zone the non poly-P organisms, for survival, because no external 
electron acceptors are available, partially utilize the readily 
biodegradable COD, via the Embden-Meyerhof or other equivalent path-
ways, to generate a small amount of energy,. by creating internal or 
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Fig 3.9 Phosphorus concentration in a four in series 
anaerobic reactor system, in a modified UCT 
process, receiving unsettled municipal sewage 
influent. 
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Fig 3.10 Phosphorus release per reactor in a 
four in series anaerobic reactor system 
in a modified UCT process receiving 
unsettled municipal sewage influent 
(see also Fig 3.9). 
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endogenous electron acceptors: The outcome of this action is a 
breakdown of the original COD molecules to lower fatty acids and 
other similar forms. These are rejected by the organism and 
become available to the poly-P organisms for sequestration. Thus, 
where substrate is present in a form unavailable to the poly-P 
organism, the presence of non poly-P organisms can modify some of 
the COD fractions to forms suitable for use by the poly-P organisms. 
The kinetics of this transformation will govern the kinetics of 
sequestration by the poly-P organisms because the COD breakdown is 
the rate limiting step. The non poly-P organisms are, in terms of 
this hypothesis, essential to the growth of the poly-P ones. 
3.3.3 l~E1i~~£i~~-~~-E~~~~~~-~~~~1~E~~~£ 
The rationalization of the poly-P behaviour leads to a 
number of conclusions that are of significance to designers of P 
removal processes: 
(1) In terms of the hypothesis set out above, the generation of 
the lower fatty acids by acid digestion of primary settling tank 
underflow, as proposed and implemented by the Municipality of 
Johannesburg, makes good sense and merits serious research 
attention. 
(2) Any external electron acceptor entering the anaerobic reactor, 
like.nitrate or oxygen, will be utilized immediately by the non 
poly~P organisms acting on the readily biodegradable COD and 
thereby reduce the COD concentration available for the genera-
tion of substrate suitable for sequestration by the poly-P 
organisms. 
(3) The fact that the whole sequestration action is slow means that 
adequate anaerobic mass must be made available to process as much as 
possible of the readily biodegradable COD source. However 
because the reaction is first order it also implies that there 
is little merit in enlarging the anaerobic. mass ad lib. , each 
increase giving a decreasing return on the previous increase. 
Also, series anaerobic reactors are more efficient and hence 
smaller anaerobic mass is necessary, to achieve the same effect 
than'with a single completely mixed anaerobic reactor. 
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With regard to design implications, the basic requirement 
in a design is to provide an anaerobic zone which receives the 
influent containing the COD fraction and so becomes available, 
directly or indirectly, to the poly-P organisms for sequestration. 
This zone must be large enough to allow the sequestration action to 
be as near complete as possible in order to obtain maximum effect. 
Furthermore, the zone should not receive any form of the external 
electron acceptors (nitrate, nitrite or dissolved oxygen) as these 
cause the fast growing non poly-P organism to utilize the substrate 
before it can be sequestered by the poly-P organism. 
The first explicit process configuration, in which an 
* anaerobic reactor was proposed, was due to Barnard (1976). He 
accepted the Bardenpho process (Fig 3.5) as the basic configuration 
to nitrify and denitrify. A fraction of the primary anoxic reactor 
was isolated to serve as an anaerobic reactor. This reactor was 
placed at the head of the process and received the underflow recycle 
and the influent flow (see Fig 3.11). The reasoning behind this 
configuration was that the Bardenpho section of the process would 
give complete nitrification and denitrification so that the underflow 
would contain little or no nitrate, in this fashion allowing 
optimal conditions in the anaerobic reactor and maximum release of 
P. The process configuration has been variously called the Modified 
Bardenpho, Phoredox or 5 stage Phoredox process. 
In assessing the functioning of the Phoredox process, the 
reservation of a portion of the unaerated mass fraction to the 
anaerobic reactor concomitan~ly reduces the denitrification potential 
of the process. Thus, compared to the Bardenpho process for the same 
total unaerated mass fraction, the Phoredox has a lower·denitrification 
potential. Consequently the maximum TKN/COD ratio the Phoredox 
process can denitrify completely is reduced. For a "standard" raw 
~~ 
The basis for proposing the anaerobic reactor, by Barnard, differs 
fundamentally from the hypothesis suggested in the previous sections. 
He suggested that the redox potential need to be lowered sufficiently 
to induce P release. He noted the adverse effect on P removal by 
nitrate discharged to the anaerobic reactor but suggested that this 
arose from the nitrate limiting the depression of the redox potential. 
These aspects are dealt with in greater detail in Chapter 7. 
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sewage influent i.e. 20% of the influent COD is readily biodegradable, 
at sludge ages of approximately 20 days, maximum unaerated mass 
fraction of 0,55 and an anaerobic mass fraction of O,lS, it would 
seem that the maximum TKN/COD ratio for complete denitrification 
should not exceed 0,08. For settled sewage the readily biodegradable 
COD is higher ~ 25% of the total influent COD and the maximum TKN/COD 
ratio is about 0,09. This ratio is very dependant on the fraction 
of readily biodegradable COD because this fraction contributes 
significantly to the denitrification. Consequently the values 
given here are relative ones only - it is important to estimate the 
true readily biodegradable fraction experimentally. 
As the TKN/COD ratio increases from low values, so it will 
be found that the relative volumes of the primary and secondary 
anoxic r·eactors change accordingly. To achieve optimum denitrifica-
tion response at low TKN/COD ratios the primary reactor is small and 
the secondary reactor large; at high TKN/COD ratios, near or at the 
maximum allowed, theprimary reactor is large and the secondary 
very small. 
Should the TKN/COD ratio exceed the maximum, nitrate will 
appear in the effluent. In the Phoredox process this nitrate is 
recycled in the underflow to the anaerobic reactor where it utilizes 
preferentially some, or all (depending on the concentration of 
nitrate) of the readily biodegradable COD, thereby recucing the 
magnitude of the COD available for sequestration by the poly-P organisms. 
Now the concentration of nitrate in the underflow recycle is the same 
as that in the effluent and 1 mg (N03-N) remt>ves 8,6 mg readily 
biodegradable COD, consequently, a concentration of 5 mg/£ (N0
3
-N) 
in the underflow with a recycle ratio of 1:1 will remove 43 mg of 
this COD fraction which, for an influent of 500 COD/£ will reduce the 
readily biodegradable COD from approximately 100 to 60 mg/£. The 
only operational means for reducing the mass of nitrate transferred 
to the anaerobic reactor is to reduce the underflow recycle ratio 
but this procedure has only limited possibilities because low recycle 
ratios may give rise to difficulties eith the secondary settling 




may cause failure of the.tank when the SVI is·high, or loss of 
sludge in the effluent may occur from rising sludge due to denitri-
fication in the sludge mass. 
The principal difficulty with the Phoredox configuration, 
under high TKN/COD ratios,arises from the fact that the anaerobic 
reactor performance is dependent on the nitrate in the effluent. 
To make the anaerobic reactor independent of the effluent nitrate, 
the University of Cape Town (UCT) process configuration was 
developed, Fig (3.12). The basic denitrification configuration is 
the Modified Ludzack-Ettinger process (Fig 3.2). The anaerobic 
reactor is, like the Phoredox, placed at the head of the works but 
the recycle flow to this reactor,( the r-recycle}, is taken from the 
primary anoxic reactor. By regulating the main internal recycle from 
the aerobic to the anoxic reactor, the a-recycle, so that the 
denitrification potential of the primary anoxic reactor is not 
exceeded,a nitrate free effluent is assured to the anaerobic reactor. 
In the UCT process, if, say, an r-recycle of 1:1 is used the 
concentration in the anaerobic reactor is half that in the rest of 
the plant and to get the required anaerobic mass fraction the volume 
of this reactor must, in consequence, be increased to twice the 
volumetric size of that in the Phoredox for the same anaerobic mass 
fraction. The main advantage of the UCT process is that by operational 
means,the anaerobic reactor can be made independent of the nitrate in 
the effluent, and this can be maintained up to a TKN/COD ratio of 
about 0,14. As an alternative to the Phoredox process, at low TKN/COD 
ratios, i.e. TKN/COD < 0,08, the UCT process is also satisfactory 
although the nitrate removal will not be as high as in the Phoredox 
as it is not possible ever to get zero nitrate 'in the effluent from 
a UCT process. 
To overcome the need for explicit control of the a-recycle, 
the Modified UCT process was developed, (Fig 3.13). In this process 
the primary anoxic reactor is divided into two fractions, the first 
having an anoxic mass fraction of about 0,1. The a-recycle is 
discharged to the second anoxic reactor and remains fixed at say 4:1 
ratio irrespective of whether nitrate is recycled back to the aerobic 
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IUJOe! RECYCLE 1 
Fig 3.11 Phoredox (or modified Bardenpho) process 
for nitrification-denitrification-biological 
excess phosphorus removal. 
AEROllC: 
8LUDG! ftECYCLE s 
Fig 3.12 University of Cape Town (CT) process for 
nitrification-d~nitrification-biological 
excess phosphorus removal. 
I--\,~~ 
llUCTOlt R£AC'1'ms RDICTQR 
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Fig 3.13 Modified UCT process. 
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reactor or not, provided the_a'.""recycle.ratio is so large that it 
brings enough nitrate to the second anoxic reactor to equal or 
exceed its denitrification potential. The underflow recycle (s-
recycle) discharges to the fir~t anoxic reactor, to reduce the 
nitrate to zero. By means of this configuration zero nitrate in 
the r-recycle can be maintained for TKN/COD ratios up to about 
o, 11. 
4. CLOSURE 
There are numerous aspects and details in the design of 
nutrient removal plants that have not been dealt with in this short 
review - attention was focussed on the major aspects of a fundamental 
nature only. For details of design reference needs to be made to 
Chapters 4 to 7. Designs that conform to the recommendations laid 
down in these chapters, for treating normal municipal wasteflows, 
settled or unsettled, will have a high expectation of phosphorus 
removal of about 1,7 to 2 mgP04-P per 100 mg influent COD, i.e. 
a 6P/COD of 0,017 to 0,02 mgP/mg influent COD. This removal ratio 
can vary, depending principally on the fraction of readily biode-
gradable COD in the influent. Should the influent P/COD concentra-
tion ratio exceed 0,017 to 0,02, very likely all the phosphorus will 
not be removed biologically from the wastewater and provision 
necessarily will have to be made for chemical precipitation of the 
remaining phosphorus; should the influent P/COD be less than 0,017 
to 0,02, then very likely removals down to 0,5 mgP/£ can be achieved 
for a high proportion of the time. 
The above biological P removal propensity in 6P/COD forms an 
approximate basis for judging the performance of any designed plant. 
The plant should not be assessed on the basis of the effluent P 
concentration only, but on the 6P per unit influent COD. If the 
6P/COD achieved is less than 0,017 to 0,02, the cause for the lower 
removal should be sought in the wastewater characteristics, process 
design or operation of the plant, or in combinations of these three. 
The results of such investigations would be of great value to research 
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CHAPTER FOUR 
CARBONACEOUS MATERIAL REMOVAL 
by 
G A Ekama and G v R Marais 
1. INTRODUCTION 
Basically all aerobic biological treatment processes operate on the 
same principles: the various treatment processes i.e. trickling 
filters, aerated lagoons, contact-stabilization, extended aeration, 
etc. differ only in the conditions under which the biological re-
actions are constrained to operate. The activated sludge process 
comprises the flow regime in the reactor, the sizes, number and 
configuration of the reactors, recycle flows, influent flow and 
other features incorporated either deliberately, or presemt inad-
vertently or unavoidable. Whereas the response of the organisms is 
in accordance with their nature, that of the process is governed by 
both the organism characteristics and the physical features that 
define the process. 
The ecology of the suspended sludge mass in the reactors of the 
activated sludge processes is complex comprising numerous species 
of bacteria and many species of higher organisms that prey on the 
bacteria. Despite the complex nature of the ecosystem, it would 
appear that the kinetic behaviour of the process, insofar as it 
reflects the energy removal from the wastewater, can be modelled as 
if the system were governed by an equivalent or surrogate bacterial 
mass, having characteristics derived in part from the observed re-
sponse of the treatment processes. It must be emphasised that this 
surrogate mass has characteristics very different from those of a 
pure bacterial culture. This point is mentioned because criticism 
of this approach has often hinged on the incompatibility of the 
behaviour of the equivalent bacterial mass with that observed in a 
pure bacterial culture. 
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In this chapter the basic kinetics of the carbonaceous material 
removal, and its incorporation in the process equations are briefly 
stated, and application to design is set out in detail. The design 
equation~ presented are for the steady state completely mixed single 
reactor activated sludge process. The steady state solution is of 
prime importance because (1) it forms the basis for preliminary de-
sign of any activated sludge process be it aerobic, anoxic-aerobic 
or anaerobic-anoxic-aerobic. (2) The relationships also are useful 
in indicating operational control procedures for the process. 
If certain minimum conditions are imposed on the process, nitri-
fication will occur. With nitrification the oxygen demand can show 
a considerable increase, of up to 40% more than that required for 
carbonaceous material oxidation. Nitrification is not dealt with 
in this chapter, but is considered in detail in Chapter 5. 
2. BIOLOGICAL KINETICS 
When a heterotrophic organism population under aerobic conditions is 
brought into contact with biodegradable organic material* consisting 
of soluble readily biodegradable and particulate slowly biodegradable 
COD fractions (see Chapter 2), its response may be described quali-
tatively as follows: 
(1) The soluble readily biodegradable COD passes directly 
through the cell wall and is metabolized at a high rate. 
(2) The particulate slowly biodegradable COD is adsorbed 
onto the organisms and storage of COD takes place.This 
reaction is very rapid and effectively removes all the 
particulate and colloidal COD from the wastewater. The 
stored COD is broken down by extra-cellular enzymes and 
transferred through the cell wall and metabolized in the 
Also called substrate or biodegradable COD. 
same manner as the readi\y' biodegradable COD fraction 
in (1) above. The rate of enzymatic breakdown is 
relatively slow and constitutes the limiting rate in 
the overall synthesis reaction, at about one tenth of 
the rate for the readily 'biodegradable COD. 
(3) A fraction of the COD metabolized is converted into 
new cell material, the balance is utilized to generate 
energy to bring about the conversion and eventually, is 
lost as heat. The ertergy is generated by supplying an 
electron acceptor,oxygen,so that the oxygen utilized is 
directly related to the COD lost. There is strong ex-
perimental evidence that the fraction of COD converted 
to metabolic material is constant with respect to the 
COD utilized, Payne (1971). This fraction is called the 
specific growth yield coefficient, YCOD (mg COD/mg COD). 
Usually the coefficient is expressed in terms of the 
volatile solids formed per unit of COD utilized, Yh, 
(mg VSS/mg COD) and is related to YCOD by Eq. (1.6), 
i.e. yh = YCOD/fcv" 
(4) Concomitantl~ · with (3) above, but distinct from it, 
there is a net loss of live mass called endogenous mass 
loss. Not all the live mass that disappears per se is 
lost as energy, a fraction remains (17 to 20 percent, 
McKinney and Symons, 1964) as unbiodegradable organic 
residue, called endogenous residue. The mass of 
oxygen to be supplied for endogenous mass loss is pro-
portional to the volatile mass that disappears from 
the system. This net behaviour is believed to be the 
outcome of a more complex set of mechanisms involving 
the growth of primary organisms (e.g. bacteria) and 
predators on these organisms (e.g. protozoa). Dold, 
Ekama and Marais (1980) proposed and formulated the net 
behaviour as a uniform organism mass having a death-
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regeneration component, an approach which approximates 
the prey-predator system under certain circumstances. 
4.4 
Using the death-regeneration approach Dold et aZ (1980) in their 
development of the general activated sludge process model,and van 
Handel and Marais (1981) in their extension of this model to de- · 
nitrification, have shown that the response of all the known pro-
cess types (including nutrient removal processes) can be simulated 
very closely,even under cyclic flow and load conditions. Under 
constant flow and load, the death-regeneration approach reduces to 
the endogenous mass loss approach. This latter approach leads to 
relatively simple process equations (Marais and Ekama, 1976) and 
constitutes the basic design equations in this manuscript, see Eqs. 
(4.6 to 4.19). 
3. PROCESS KINETICS. 
3.1 Mixing Regimes 
In the activated sludge process, the mixing regime in the reactor and 
the sludge return influence the response of the process -
consideration must be given to reactor kinetics. 
There are two extremes of mixing; completely mixed and plug flow. 
In the completely mixed regime the influent is instantaneously and 
thoroughly mixed (theoretically) with the reactor contents. Hence the 
effluent flow from the reactor has the same constitution as the reactor 
contents. The reactor effluent flow passes to a settling tank; the 
overflow from the tank is the stabilized waste stream, the underflow is 
concentrated mixed liquor and recycled back to the reactor. 
In the completely mixed system the rate of return of the underflow has 
no effect on the reactor process except if an undue sludge build-up occurs 
in the settling tank. The shape of the reactor is approximately square 
or circular in plan, and mixing is usually by mechanical aerators but 
also can be effected by bubble aeration. Examples are extended aera-
tion plants, aerated lagoons, Pasveer ditch and completely mixed 
activated sludge plants. 
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In a plug flow regime, the reactor usually is a long channel type 
basin. The influent is introduced at one end of the channel, flows 
along the channel axis and is mixed by air sparges set along one 
side of the channel. Theoretically each volume element of liquid 
along the axis is assumed to remain unmixed with the elements 
leading and following. Discharge to the settling tank takes place 
at the other end of the channel. To innoculate the influent waste 
flow with organisms, the underflow from the settling tank is re-
turned to the influent end of the channel. This creates an inter-
mediate flow regime, deviation from true plug flow conditions de-
pending on the magnitude of the recycled underflow. Conventional 
activated sludge plants are of the intermediate flow regime type 
with recycle ratio varying from 0,25 to 3 times the influent flow 
rate. If the recycle rate is raised very high, the mixing regime 
approaches that of complete mixing. 
Intermediate flow regimes are also achieved by having completely 
mixed reactors in series, or by step-aeration. In the latter, 
the influent is fed at a series of points along the axis of the 
plug flow type reactor. Both configurations requ1r~, for 
inoculation purposes, recycling of the sludge from the settler to 
the influent point. 
The mean kinetic response of an activated sludge process, i.e. sludge 
mass, daily sludge production, daily oxygen demand and effluent 
quality is adequately, indeed accurately given by assuming the pro-
cess is completely mixed and the influent flow and load are constant. 
This allows the plant volume, the mass of sludge wasted daily and 
mean daily oxygen demand to be determined by relatively simple for-
mulations. Peak oxygen demands which arise under cyclic flow and 
load conditions can be estimated subsequently quite accurately by 
applying an adjustment to the mean daily demand, so also for other 
parameters. These adjustments have been developed from simulation 
studies, using the general model of Dold, Ekama and Marais (1980), 
on processes operated under cyclic and under constant flow and load 
conditions. For details see Chapter 6, Section 7.6.2. 
4.6. 
3.2 Sludge Age 
A diagrammatic sketch of the completed mixed process with sludge 
recycle is given in Fig. 4.1. This sketch differs from that usually 
presented in that the sludge wasted each day is abstracted directly 
from the reactor - the common practice is that the waste sludge is 
abstracted from the secondary settler underflow. Sludge abstraction 
directly from the reactor leads to a method of control of the sludge 
age, called the hydraulic control of sludge age, which has signifi-
cant advantages compared to control by wastage via the underflow, 










Fig. 4.1 A diagrammatic representation of the 
completely mixed activated sludge 
process with hydraulic control of sludge 
age and sludge recycle. 




mass of sludge in reactor 




By abstracting the sludge directly from the reactor, the wasted 
liquor and reactor liquor concentrations are the same. If a sludge 
age of, say, 10 days is required, one tenth of the volwne of the 
* reactor must be wasted every day. This can be achieved by a constant 












V volume of the process reactor (£) 
p 
3.3 Nominal Hydraulic Retention Time 
(4. 2) 
In activated sludge theory the volume of the process per unit of 
volume of influent flow is known as the nominal process hydraulic 







R average nominal process hydraulic retention time (d) -11n 
Q daily average influent flow rate (£/d) 
Effluent COD Concentration 
Under normal activated sludge process operating conditions in South 
Africa, where the sludge ages are in excess of 10 days (to ensure 
nitrification and nutrient removal) the nature of the influent COD 
in municipal wastewaters is such that the COD concentration in the 
effluent is inconsequential in the process design - the soluble readily 
*This assumes that the mass of sludge in the secondary settling tanks is 
negligible with respect to that in the process reactors. This ass~mp­
tion is valid when the process is operated at high underflow recycle ratios 
(~1:1) and when the sludge age is longer than about 3 days, (see 
Section 10 below). 
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biodegradable COD fraction is completely utilized in a very short period 
of time (less than 1 hour) and the particulate.COD, whether biodegradable 
or unbiodegradable, is adsorbed or enmeshed in the sludge floes, and 
settles out with the sludge in the secondary settling tanks. Con-
sequently, the effluent COD concentration is comprised virtually wholly 
of the soluble unbiodegradable COD (from the influent)plus the COD of 
the sludge particles which escape with the effluent due to imperfect 
operation of the secondary settling tank (see Chapter 3, Section 7). 
Hence the effluent COD concentration, S , is approximately given by te 
s s te us (4.4a) 
for filtered samples, or, 
s s + f. .x te us CV ve (4.4b) 
for unfiltered samples, where 
S unbiodegradable COD in the effluent us 
S . = f S. (mgCOD/£) (see Eq 2.3) 
USl US tl 
X = volatile solids concentration in the effluent ve 
(mgVSS/ £) 
f COD/VSS ratio of. the volatile solids 
CV 
1,48 mgCOD/mgVSS. 
4. PROCESS.DESIGN EQUATIONS 
Once it is recognized that all the COD in the influent, except the 
soluble unbiodegradable COD, is either utilized by the micro-organisms 
to form micro-organism mass, or remains in the process and accumulates 
as inert sludge mass, it follows that the mass of sludge produced and 
the carbonaceous oxygen demand in the process are functions of the mass 
of COD to be treated daily; the greater the daily COD mass load, 
the greater the sludge production and carbonaceous oxygen demand. 
* The 'equations given below give the masses of sludge generated in 
*The derivation of these equations is given by Marais and Ekama (1976) and 
a list of symbols used in the equations is given in Appendix 1. 
•.: 
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the process and the oxygen demand for COD removal as a function of 
the total COD load, the wastewater characteristics i.e. the unbiode-
gradable soluble and particulate COD fraction (f and f ) and the 
. us up 
, ..
I 
sludge age. The constants in the equations i.e. the specific yield coefficient 
Yh' the specific endogenous mass loss rate bh' the unbiodegradable fraction of 
the active mass f, and the COD/VSS ratio of the sludge f , as well as 
CV 
their temperature dependencies are ~1ven in Table 4.1. 
Table 4.1 Kinetic constants and their temperature dependency for the 
steady state carbonaceous degradation activated sludge model 
(ex Marais and Ekama, 1976) 
Temperature Standard 
Eq. Constant Symbol Dependency e Value 
Equation (20°C) No. 
Yield Coefficientr yh remains 1,000 0,45 
(mg VSS/mg COD) constant 
Endogenous Respiration bh bhT=bh20 e<T-
20)1,029 0,24 (4. 5) 
Rate 
Endogenous Residue f remains - 0,20 
(mg VSS/mg VSS) constant 
COD/VSS Ratio f remains - 1,48 CV 
(mg COD/mg VSS) constant 
In the equations below, the prefix M denotes the mass of the parameter 
which follows in brackets, i.e. 
1. Influent 
·. M(Sti) Q.Sti mg COD/d (4. 6) 
M(Sbi) Q.Sbi mg COD/d (4.7a) 
Q.Sti (1 - fus - fup) mg COD/d (4.7b) 
M(Sti) (1 - fus - fup) mg COD/d (4.7c) 
M (Xii) Q.Xii mg VSS/d (4.8a) 
Q.fup Sti/fcv mg VSS/d (4.8b) 
M(Sti) fup/f 
CV 




M(Xa) = VpXa mg VSS (4.9a) 
M(Xe) VpXe mg VSS (4.9b) 
M(Xi) = vpxi mg VSS (4.9c) 
M(Xv) VP~ mg VSS (4.9d) 
M(Oc) vpoc mg O/d (4.9e) 




(1 - f - f ) M(S .) YhR I (1 + bhR) us up ti s s (4.10) 
(b) The Endogenous Residue Volatile Solids Mass (mg VSS) 
M(X ) 
e f bhR M(X ) s a (mg) 
(4.11) 
(~) The Inert Volatile Solids Mass (mg VSS) 
M(X.) 
1 
M(X .. ) R 
11 s 
. (mg) 
M(S .) (£ /£ )R 
tl Up CV S 
(4.12) 




M(X) + M(X) + M(X.) 
a e i 
(1 - f - f ) y f 
M(S .) R { us up h (1 + fbhR )+up} (4.13) 
ti s (1 + bhRs) s fcv 
(e) The Total Suspended Solids Mass (mg TSS) 
M(X ) = M(X )/£. 
t v 1 
where 
f· 1 MLVSS/MLSS ratio of the sludge. ,. 
(4.14) 
4.11 
6. The Carbonaceous Oxygen Demand (mg O/d) 
M(O ) 
c M(O synthesis) + M(O endogenous mass loss) ' i 
(mg O/d) 
. YhRs 
= M(St.)(1-f -f ) {(1-f Yh)+f (1-f)bh (lb )} 
1. us up CV CV + hRs (4.15) 
Knowing the mass of mixe
1
d liquor (MX or MX ) in the process, the volu::1e 
t v 
of the process is determined from the value specified for the MLSS or MLVSS 




Knowing the volume VP, the total nominal hydraulic retention time, 
~n' then is found from the specified daily average flow rate Q, 
using Eq. (4.3). 
The above design equations lead to the following important conclusions: 
The mass of volatile solids in the reactor is a function only of the 
mass of COD utilized per day and the sludge age. Consequently, insofar 
as the mass of sludge is affected, it is immaterial whether the mass of 
COD utilized arises from a low daily flow with a high COD concentration. 
or a high daily flow with a low COD concentration; provided M(S .) is . ti 
the same in both instances, the masses of sludge will be identical. 
However, the hydraulic retention times will differ, being long in the 
first and short in the second instance, respectively. The hydraulic 
retention time, therefore, is incidental to the COD mass utilized, the 
MLVSS and the daily flow - it serves no basic kinetic function in steady 
state operation. 
The active volatile mass M(X ) in the process is the live organism a 
mass which performs the biodegradation processes. The remaining 
volatile masses, M(X ) and M(X.) are inactive and do not serve any 
e i 
function insofar as the biodegradation mechanisms in the process are 
concerned. The active fraction of the sludge mass with respect to 
the volatile solids f is given by av 
f = M(X ) I M(X ) 
av a v 




M(X .. ) 
1.1. 
(f /f ). M(S .) yields 
up CV tl. 
f (1 + bh R ) up s 
f y (1 - f - 'f ) 
CV h US up 
(4.17) 
(4. 18) 
If the total suspended solids mass (TSS) is used as the basis for 
determining the active fraction, then the active fraction of the sludge 




f. f (4.19) 
i av 
fi = MLVSS/MLSS ratio of the sludge. 
The design equations set out above form the starting point for all 
the activated sludge processes considered in this manuscript, from 
the relatively simple single reactor complelely mixed aerobic pro-
cess, to .the more complex multi-reactor ari.oxic-aerobic and the 
anaerobic-anoxic-aerobic processes. For these more complex systems 
the basic equations apply only if the constraints imposed on the 
processes are adhered to. Provided this is done the effects of 
nitrification and nitrification-denitrification and the associated 
oxygen demands can be formulated as additional to the basic equations. 
That this "simplified" approach is adequate for design has been 
established by the close correlation achieved when comparing the 
mean response of the process predicted by the general theory (and 
verified experimentally) with that predicted by the basic and addi-
tional equatio~s. 
It is important to take cognizance of the constraints. For example, 
in anoxic-aerobic processes an upper limit is imposed on the frac-
tional mass of sludge that may exist unaerated. If exceeded, then 
·.'. :·· ... : 
/ 
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inter alia the mass of sludge produced per day increases and the 
carbonaceous oxygen demand decreases below that predicted by the 
basic equations. The reason for these deviations lies in the 
kinetics of degradation of the slowly biodegradabl~ particulate 
material - if the aerobic fraction of the sludge mass is too small 
the particulate material is only partially metabolized and accu-
mulates in the process as additional volatile solids; concomitantly 
the carbona-ceous oxygen demand is reduced. Evidently where such 
conditions apply the basic equations become inappropriate; however 
approximate solutions are sometimes obtainable by simulation using 
the general model, (see Arkley and Marais (1982) and Sehayek and 
Marais (1981) for a detailed discussion). 
5. STEADY STATE DESIGN CHART 
Plots of Eqs(4.10 to 4.15 and 4.18 to 4.19) are shown in Fig. 4.2 
for a unit mass of M(S .). The values of the kinetic constants, 
tl. 
Yh, bh, fcv and f are those listed in Table 4.1 for 29°C and have 
been verified in extensive laboratory and pilot scale investigations 
(Ekama and Marais, 1978). The values of the unbiodegradable par-
ticulate and soluble COD fractions (f and f respectively) are up us 
listed in Table 4.2, for raw and settled municipal wastewaters. 
The plots in effect give the masses M(X ), M(X ), M(X.), M(X ) and 
a e i. v 
M(X ) contained in the reactor for a unit mass of COD applied per 
t 
day for sludge ages up to 30 days. Also shown is the associated mass 
of oxygen to be supplied per day for carbonaceous material degradation 
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Fig 4.2 Active (XaJ, endogenous (Xe), inert (Xi), volatile (Xv), total (Xt), and carbonaceous oxygen 
demand (Oc) per kg COD applied to the biological process, and active fraction with respect to 
volatile solids (fav) and total solids (fatJ versus sludge age for raw (Fig 4.2a, left) and 
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Soluble Unbiodegradable fraction, fus o,os 0,08 
(mg COD/mg COD) 
Particulate Unbiodegradable fraction, fup 0, 13 0,04 
(mg COD/mg COD) 
MLVSS/MLSS ratio (f.) l. 0,75 0,83 
I 
The volumes of the reactors at two different 
sludge ages will be in direct proportion to the masses M(X ) or M(X ) 
t v 
if the mixed liquor concentrations, X or X are specified to be the 
t v 
same in both plants. 
The diagrams show that the active mass increases fairly rapidly with 
an increase in sludge age up to about 10 days sludge age, thereafter 
it increases only marginally. The carbonaceous oxygen demand shows a 
similar behaviour; at zero sludge age the oxygen demand is that due 
to synthesis, additional oxygen demand at sludge ages greater than zero 
is due to endogenous respiration which is proportional to the active 
mass. In contrast the fractions of endogenous and inert solids 
increase rapidly relative to the active mass at sludge ages greater 
than 10 days and consequently in processes treating raw wastewater 
at sludge ages longer than 10 days, only a small fraction of the 
sludge mass is active. 
In design, the following sequence of calculation is suggested:· 
Select values for f and f which are believed to best represent these up us 








S . (Eq 3.4), S . (Eq 3.3), X .. (Eq 3.6) 
upi usi ii 
M(S .) and/or M(Sb.) ti i 
M(X )(Eq 4.10), M(X )(Eq 4.11), M(X.)(Eq 4.12), 
a e i 
M(Xv)(Eq 4.13), M(Oc)(Eq 4.15) and M(Xt)(Eq 4.14) 
V (Eq 4.16) 
p . 
1\in (Eq 4.3) 
S (Eqs 4.4a or b) 
te 
4.15 
In the design sequence set out above the input COD and its charac-
teristics will be governed by the specific waste flow. The para-
meter that requires selection is the sludge age; this will depend 
on the objectives for the plant, for COD removal only, nitrification 
etc. Specification of the sludge, therefore,, is an important design 
decision and requires special consideration, see Section 11. For our 
general purpose however, we will proceed to show how the various 
parameters such as reactor volume, oxygen demand, etc. are affected 
by the sludge age. 
6. PROCESS VOLUME REQUIREMENTS 
In Section 4 above a procedure is set out whereby the volume of the 
reactor is estimated. This involves determining the mass of sludge 
accumulated for a specified sludge age and a specified COD mass load-
ing per day; the volume is then determined by diluting the mass of 
sludge accumulated to a specified mixed liquor concentration. Once 
the volume is fixed, the retention time, or aeration time, also is 
fixed (by Eq 4.3). Hence retention time, or aeration time, is 
immaterial in the design and it is merely a consequence of the kinetics 
governing the process. This point is mentioned specifically because 
some design procedures lay stress on the aeration time as a design 
parameter, a procedure that can result in serious miscalculation of the 
volume requirements. Compare, for example, two plants operating at the 
same sludge age, both receiving the same mass of COD per day but the 
first at high concentration and low flow and the second at a low con-
centration and high flow. If designed on a specified retention time, 
the volume of the first will be much smaller than that of the second 
whereas the sludge mass contained in the reactors will be identical. 
Consequently the firs~ plant may have an inordinately high MLSS 
concentration which may cause problems in the secondary settling tank. 
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Retention time therefore is a completely inappropriate parameter 
for design and other purposes such as a criterion for comparing the 
tankage requirements of different plants. 
To form an overall impression of the volume requirement and in order'to 
make valid comparisons on the volume requirements betwee.n different 
plants, the volume per unit COD input is a much superior parameter. 
This method involves the specification of an MLVSS or Ml.SS concen-
tration (Xv or Xt) from which the reactor volume is determined from 
the sludge mass produced per unit COD load at the required sludge age 
(see Fig 4.2). Furthermore, in order to assess the effects of 
primary sedimentation it is preferable to relate the volume require-
ments to the input COD to the treatment works, for example for settled 
wastewater, the COD load on the process is reduced i.e. S '( ) ti process 
= S . (1-f ) where f 
ti(works) rps rps 
= fraction of COD removed by primary 
sedimentation. It is S '( ) which fixes the sludge ti process 




raw wastewater, the process volume for settled wastewater accordingly 
will be much lower than that for raw wastewater. 
From Eqs (4.13, 4.14 and 4.16) the process volume requirements on the 
basis of process COD load is found by calculating the mass of sludge, 
M(Xt), generated from the total influent COD load M(S .) and assuming ti 
an MLVSS/MLSS ratio for the sludge mass i.e. 
(1-f -f )Yh(l+fbhR ) f 
{ us up s + up } Q.S . R ( ) f 
ti s l+bhRs CV 
(4.20) 
and hence the process volume requirements per unit COD load to the 
works for a specified Ml.SS concentration Xt and assumed MLVSS/MLSS 




Q.S . ti 
= (4.2la) 
4.17 
Taking the wastewater characteristics for raw wastewater given in 
Table 4.2, and the values of the kinetic constants given in Table 
4.1, a plot of process volume requirements in m3 /kg COD applied per 
day versus sludge age for different MLSS concentrations in kg/m3 is 
given in Fig 4.3. Clearly, the lower the specified MLSS concentra-
tion and the longer the sludge age, the larger the process volume 
per unit COD load. 
The process volume requirements may also be determined from the 
equivalent COD load per capita. The vertical axis on the right hand 
side of Fig 4.3 is scaled on the basis that the equivalent COD load 
per capita for raw wastewater is 0,10 kg COD/d. Hence treating raw 
wastewater at a sludge age of 25 days and an MLSS concentration of 
5 kg/m3, a process volume of 145 £/capita is required or 1,45 m3 /kg 
COD applied per day . 
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Fig 4.3 Process volume requirements in m3 /kg COD raw 
wastewater load versus sludge age at different 
average process MLSS concentrations for raw and 
settled wastewater (assuming ~10% COD removal by 
primary sedimentation). Proc~ess volume require-
ments in f /capita also given based on a raw waste-




The comparative process volume requirements for settled wastewater 
per unit COD load on the treatment works also can be determined 
from Eq (4.2la), provided the COD fraction removed by primary 
sedimentation is incorporated in Eq (4.2la) by multiplying right 
hand side of Eq (4.2la) by (1-f ) and inserting the appropriate rps 
f and f values for settled wastewater i.e. up us 
v 
_P_ 
s .Q ti 
R (1-f -f )Yh(l+fbhR ) f 
= s { us up s + fup } (l-f ) 
Xtfi (l+bhRs) CV rps 
where S . ti total COD concentration in treatment works. 
(4.2lb) 
The process volume requirements for settled wastewater are shown also 
in Fig 4.3 for the f , f and f. values given in Table 4.2 assuming up us i 
primary sedimentation removes 40% of the COD load (f 0,40). 
rps 
From Fig 4.3, treating settled wastewater at a sludge age of 25 days 
and an MLSS concentration of 5 kg/m1 , a process volume of 0,60 m1 /kg 
raw COD load to the works or 60£/capita is required. Comparing the 
process volume treating raw or settled wastewaters it can be seen 
that a significant reduction in process volume can be obtained through 
pr~mary sedimentation. 
7. CARBONACEOUS OXYGEN DEMAND 
The mean daily carbonaceous oxygen demand per unit COD discharged to 
the process is shown plotted versus sludge age at 20°C for raw and 
settled wastewater in Figs 4.2a and b respectively (calculated from 
Eq 4.15) - for treatment of raw wastewater Sti =COD of the raw 
wastewater; for treatment of settled wastewater S . = (COD of raw ti 
wastewater)(l-f ). . rp These diagrams show that for sludge ages longer 
than 15 days the increase in carbonaceous oxygen demand per unit 
process COD load {M(O )/M(S .)} is marginal with increase in sludge c ti 
age for both raw and settled wastewater. The carbonaceous oxygen 
demand per unit process COD load for raw and settled wastewater is 
usually within 10% of each other, with the demand for settled 
wastewater being the higher value. This is because compared to raw 
4.19 
wastewater, more of the total COD in settled wastewater is biode-
gradable, i.e. {1-f -f ) usually is greater for settled waste-
us up 
water than for raw wastewater (see Eq 3.7) but the difference is 
small. This can be seen in Figs 4. 2a and b ·- at 20 days sludge 
age, the carbonaceous oxygen demand per unit COD load is 0,635 kgO/ 
kgCOD for raw wastewater and 0,682 kgO/kgCOD for settled wastewater. 
Although there is only a small difference in carbonaceous oxygen 
demand per unit process COD load between raw and settled wastewaters 
there is a substantial difference in the 02 demand per unit COD load 
to the works. For settled wastewater, this is given by 0,682 
(1-f ) which for f = 0,40 gives 0,41 kgO/kgCOD load on the works. 
rps rps 
Clearly primary sedimentation will lead to significant aeration 
energy savings - because primary settling tanks remove about 30 to 
40% of the raw influent COD, the carbonaceous oxygen demand for 
settled wastewater will be about 30 to 40% lower than that for 
raw wastewater. 
The carbonaceous oxygen demand is the oxygen demand for the oxidation 
of the influent COD only. In nutrient removal processes oxygen is 
also required for nitrification i.e. the oxidation of ammonia to 
nitrate, and some oxygen is recovered during denitrification i.e. 
reduction of nitrate to nitrogen gas. The total oxygen demand for a 
nutrient removal process therefore is given by the sum of the carbonaceous 
and nitrification demands less that recovered by denitrification. The 
procedures for calculating the oxygen demand for nitrification and the 
oxygen recovered by denitrification are discussed in Chapters ·5 and~6 
respectively. 
4.20 
Owing to the daily cyclic .nature.of the COD load the carbonaceous 
oxygen demand will vary concomitantly. The TKN load will also very 
daily cyclic~lly; in'nitrification-denitrification plants the oxygen 
demand for nitrification and oxygen recovery with denitrification 
conjointly with the carbonaceous demand give rise to a net cyclic 
total demand. From simulations using the general model of Dold et al 
empirical rules for estimating the daily peak and trough net oxygen 
demands have been developed and are discussed in Chapter 6, Section 
7.6.2. 
8. DAILY SLUDGE PRODUCTION 
The mass of sludge produced per day by the activated sludge process is equal to 
the mass of sludge wasted per day and is called waste activated sludge 
or secondary sludge. From the definition of sludge age (see Eq 4.1), 
the mass of sludge produced per day M(6Xt) is given by the mass of 
sludge in the process {M(Xt)} divided by the sludge age (Rs) i.e. 
mg TSS/d 
Substituting Eq (4.14) for M(Xt) and simplifying, yields the sludge 
produced per day per mg COD load on the biological process i.e. 
f 
(l+fbhR) + f~p } 
S CV 
(4.22) 
A plot of the daily total sludge mass (TSS) produced per unit COD load 
on the biological process (Eq 4.22) versus sludge age (R ) is shown 
s 
in Fig 4.4 for raw and settled wastewater (see Table 4.2 for wastewater 
characteristics). From Fig 4.4, it can be seen that the mass of sludge 
produced in the activated sludge process (per unit COD load on the 
biological process) decreases as the sludge age increases for both raw 
and settled wastewater but the rate of decrease is negligible at sludge ages 
longer than 20 days. Treating settled wastewater results in lower 
secondary sludge production per unit COD load on the biological process 
than treating raw wastewater. This is because the unbiodegradable 
particulate COD fraction (f ) in settled wastewater is lower than that up 
in raw wastewater. Temperature effects on secondary sludge production 
4.21 
Fig 4.4 Daily total suspended solids (TSS) sludge 
production in the activated sludge process 
(secondary sludge) per uni-/; COD load on the 
process versus sludge age for raw ( f up_ = 0, 13, 
fus = 0,05 and fi = 0, 75) and settled (fup = 0,04, 
fus = 0, 08 and fi = 0, 83) wastewaters at 20°C 
are· small - sludge production at 14°e~ is about 5% greater than at 
20°C, a difference which is completely masked by the uncertainty 
in the estimates of the wastewater characteristics f and f and the 
MLVSS/MLSS ratio (f.) of the sludge. 
:L 
up us 
Although the sludge production of a plant treating settled waste-
water is lower than that of a plant treating JC'aw wastewater, the 
total sludge mass of sludge to be disposed of for a plant treating 
settled wastewater is higher because the total sludge includes 
both primary and secondary sludge - in plants treating raw 
'~ Sludge production at 14°C can be calculated by adjusting bh for 
temperature using Eq (4.5) in Table 4.1 
4.22 
wastewater, only secondary sludge is generated. The total sludge 
produced treating settled wastewater is slightly higher (by 10 to 20%) 
than that treating raw wastewater - this is because some of the 
settleable solids are biodegradable and are oxidized in the activated 
sludge process .. 
The daily production of secondary and primary sludges (when primary 
settling tanks are included in the treatment works) is the mass of 
sludge that needs to be disposed of by sludge handling methods. 
Sludge handling and disposal is not dealt with in this manual but the 
design of nutrient removal activated sludge processes should not be 
seen as separate from the design of the sludge disposal unit processes, 
in fact all unit processes of the treatment works from raw water pump-
ing to ultimate disposal of sludge, should be viewed as an integrated 
system where the design of one unit process depends on the unit 
processes before it, and decisions on its design may affect the design 
of unit processes following it. The following examples will illustrate 
this - (1) in sludge handling practice there is evidence that a mixture 
of primary and secondary sludges thickens and dewaters better than 
secondary sludge alone; however in biological nutrient removal prac-
tice it has been found that when treating raw wastewater better re-
movals of nitrogen and phosphorus are obtained than when treating 
settled wastewater - ease of sludge thickening and dewatering there-
fore need to be weighed against the higher nutrient removal, (2) 
when phosphorus rich waste biological sludges are subjected to 
anaerobic conditions, the phosphorus is released from the solid phase 
to the liquid phase; consequently, supernatant from waste sludge 
gravity thickeners may be phosphate rich and should not be discharged 
to the activated sludge process - in design, consideration should be 
given to chemically treating the gravity thickener supernatant to 
precipitate the phosphorus or, thickening the sludge by dissolved 
air flotation to prevent phosphorus release; (3) to improve biological 
excess P removal, the Johannesburg Municipality specifically operates 
one of the anaerobic digestors in an a~id condition for the production 
of short chain organic compounds which are then discharged to the 
anaerobic reactor of the activated sludge process (see Chapter 3, Section 
3,3) - consideration must be given at the design stage to the desira-
bility of providing a specially designed facility for this purpose. 
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9. NUTRIENT REQUIREMENTS FOR SLUDGE PRODUCTION 
All live biological material and many inert organic materials contain 
nitrogen and phosphorus. In the volatile suspended solids 
in the activated sludge process, the nitrogen content (as N with 
respect to VSS, f ) ranges between 9%and 12% with an average of about 
n 
10%, and the phosphorus content (as P with respect to VSS, f ), under 
p 
purely aerobic conditions, ranges between 1% and 3% with an average 
of about 2., 5%. 
Under daily average conditions, the mass of nitrogen incorporated into 
the sludge mass is equal to the nitrogen content of the daily waste 
sludge. Accepting that the nitrogen content of the active, endogenous 
and inert volatile fractions are equal (which in most instances is a 
reasonable assumption), and equating the concentration of nitrogen 
required for daily sludge production per litre influent,~, to the 
s 
nitrogen content of the waste sludge yields 
Q.N s 
f M(X )/R 
n v s 
Substituting for M(X ) from Eq (4.10) and solving for the nitrogen 
v 







f nitrogen content of the volatile solids 
n 
0,10 mg N/mg VSS 
(4. 23) 
To estimate the P requirement for daily sludge production, it is not 
correct to assume that the P content of the active, endogenous and inert 
volatile fractions is the same. The P content of the endogenous and 
inert volatile fractions (f ) remain approximately constant at 1,5% 
p 
whereas the P content of the active mass (y) can vary from 3% to as 
4.24 
high as 35% depending on the different conditions in the process. 
Indeed, it is the propensity of the active mass to accumulate large 
quantities of P that is exploited in biological P removal processes. 
Accepting the different P contents of the active fraction and the 
endogenous and inert fractions, the concentration of P per £ influent 
(P ) required for daily sludge production per mg/£ COD load (S .) is s ti 
given by 
p (1-f -f )Y f 
s { up us h (y + f fbh R ) + f 
up } (4. 24) s (l+bhRs) p fcv ti p s 
where 
y p content of the active mass (mg P/mg VSS) 
f 
p 
p content of the inert and endogenous mass (mg P/ 
mg VSS) = 0,015 
The P incorporated into the sludge mass per unit COD (P /S .) is 
s ti 
also the P removal from the wastewater per unit COD,~P/S .. In the 
ti 
activated sludge process, under purely aerobic conditions the y 
coefficient is about 0,03 mg P/mg VASS; when an anoxic reactor is 
included in the process, the coefficient is increased to about 
0,06 mg P/mg VSS; when an anaerobic reactor is incorporated in the 
process, then, depending, amongst others, on the readily biodegradable COD 
concentration in the anaerobic reactor, the y coefficient can vary 
between 0,06 to 0,35 mgP/mgVSS (see Chapter 7, Section 3.3). By stimulat-
ing high y coefficients, with the aid of the anaerobic reactor, high P 
removals may be effected. This is the basis of biological P removal and 
is discussed in detail in Chapter 7. 
A plot of Eqs (4.23 and 4.24) is given in Fig 4.5 for f 0,10 mg N/ n 
mg vss, y = 0,03 mg P/mg VSS, fp = 0,015 mg P/mg VSS, yh = 0,45 mg VSS/ 
mg COD, bh = 0,24/d at 20°c, P = 1,48 mg COD/mg VSS, and f = 0,20, 
versus sludge age (R ) for raw (f = 0,05 and f 0, 13) and settled s . us up 
(f 0,08 and f = 0,04) wastewaters. us up 
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From Fig 4.5, it is evident that greater quantities of nitrogen 
and phosphorus are required for sludge production from raw than 
from settled wastewaters. This is because greater quantities of 
sludge are produced per mgCOD process load when treating raw 
wastewaters. Furthermore, the nutrient requirements decrease as 
the sludge age increases because nett sludge production decreases 
as sludge age increases. Generally, for sludge ages greater than 
10 days, the nitrogen removal attributable to nett sludge produc-
tion is less than 0,025 mgN/mgCOD applied. As the influent 
TKN/COD ratio for domestic wastewater is in the approximate range 
0,07 to 0,12, only a minor fraction of the influent nitrogen is 
Fig 4.5 Normal nutrient nitrogen and phospho1?us requirements per 
kgCOD load in the activated s Z.Udge p1?ocess versus s Z.Udge 







removed by sludge wastage; additional .nitrogen removal is obtained 
only by nitrification and denitrification, the'kinetics of which 
are discussed in Chapters 5 and 6. With regard to P removal, as 
the total P/COD ratio of domestic wastewaters usually ranges between 
0,015 to 0,030, only a minor fraction of phosphorus, 0,005 mgP/ 
mgVSS, can be removed by the aerobic activated sludge process; 
excess biological P removal is obtained by stimulating high y co-
efficients in processes by incorporating an anaerobic reactor. 
Details of excess biological P removal are considered in Chapter 7. 
10. PROCESS DESIGN AND CONTROL 
The parameter of fundamental importance in the design and con-
trol of the activated sludge process is the sludge age. It is 
instructive to consider how this parameter influences both the 
control and design of the process and to contrast it to other 
design and control parameters that have been implemented in the past. 
10.l Sludge Age versus Load Factor as Control Parameter 
A widely accepted basis for design (especially in North America and 
Europe) is the Load Factor (LF). It is also known as the Sludge 
Loading Rate (SLR) and has been used principally when the BOD
5 
forms 
influent energy measurement parameter. The objective of the load 
factor was to form an estimate of the Food/Microorganism (F/M) ratio and 
as a result the load factor was defined as 
LF 
where 
mass of BOD load/d 
mass of sludge in process 
M(X ) or M(X ) 
v t 
mass of BOD load per day (mg) 
M(Xv),(M(Xt). mass of volatile (mgVSS) or total (mgTSS) 
suspended solids in process respectively. 
(4.25) 
A difficulty with the approach is that both the M(X) and M(Xt) measure-
ments include unbiodegradable and inert material. To represent the F/M 
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ratio correctly, the LF should be defined as follows: 
LF (4.26) 
where 
mass change in BOD across plant per day (mgBOD/d) 
M(X ) 
a 
active mass in process (mgVASS) 
As a practical control parameter, theF/M ratio as defined by Eq (4.26) 
is virtually unusable principally because M(Xa) cannot be measured 
directly. It is for this reason that the LF was appPoximated by 
-It 
Eq (4.25) with M(X) or M(Xt) as the solids parameter. In this form, 
however, the LF is an uncertain parameter against which to correlate 
the response of the process because M(X ) depends on both the biode-
v 
gradable COD and the inert particulate material in the influent. For 
example, for the same biodegradable COD concentration, the LF will 
differ between settled and raw wastewaters whereas the oxygen demand 
and M(X ) will be the same for both. 
a 
Furthermore the LF will be 
different depending on whether the settleable solids are measured in 
terms of MLVSS or MLSS. When the COD forms the influent energy 
measurement parameter, the LF is defined by Eq 4.27 which is even 
further out of place because the COD measure includes the unbiode-
gradable soluble and particulate COD fractions 
LF (4.27) 
where 
mass of COD load per day. 
If Eq (4. 27) is written in terms of the mass c:hange of COD per day 
across the plant (i.e. M(6SCOD)), then account of only the soluble 
unbiodegradable COD is taken. The unbiodegradable particulate COD 
affects the LF by increasing both the M(6SCOD) and M(Xv) or M(Xt) so 
-Jc 
Because the effluent BOD usually is very small with respect to the 
influent BOD, the change in BOD mass load per day M(6SBOD) is closely 
approximated by the BOD mass load per day M(SBOD). 
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that different load factors can be obtained depending on the unbiode-
gradable particulate COD fraction. 
To overcome the problem of the unbiodegradable COD fractions on the LF, 
Marais and Ekama (1976) defined the F/M ratio in terms of COD as the 
mass change of biodegradable COD per day per unit active volatile mass 
and, to distinguish this parameter from the LF, called it the 






mass change in biodegradable COD per day. 
Again the SUR parameter is of little practical value because neither 
a 
the M(6Sb) (due to the unknown unbiodegradable particulate COD 
content of the wastewater) nor the M(X ) can be measured. However, a 
using Eq (4.28) as a basis, Marais and Ekama (1976) showed that the 
Substrate Utilization Rates with respect to the active mass (SUR), 
a 
volatile mass (SUR ) and total mass (SUR ) can all be written in terms 
v t 
of sludge age, but different SUR's are obtained for a fixed sludge age 
depending on the parameters for measuring the sludge concentration 
(X , X or Xt) and the influent energy (COD or ~OD) (see Fig 4.6)~ 
a v 
Similarly for the same sludge age, different values of the LF or 
SLR can be obtained depending on the measurement parameters for the 
sludge concentration and influent energy. -
The dependency of the SUR's, LF's or SLR's on the measurement parameters 
for the sludge concentration and influent energy is undesirable because 
it provides a permanent source of error and misunderstanding at, and 
between all levels of technical staff concerned with the process. But 
* The derivation of some of these SUR values is given by Marais and 
Ekama and those for well settled wastewater (i.e. fUJ? = 0,00) are 
shown in Fig 4.6~ It should be noted that if volatile inert material 
is present in the influent i.e. fup > 0,00, e.g. in partially settled 
and raw wastewaters, a set of SUR values can be calculated for each 
selected value of fup· 
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Fig 4.6 Comparison between various substrate utilization rates 
(SUR) and sludge age. 
perhaps of greater importance l.S the fact that aU the different 
SUR's, LF's or SLR's are functionally related to the sludge age -
no additional information can 'be derived from the SUR's, 
LF's or SLR's that cannot be derived from the sludge age. 
The sludge age therefore can replace completely the LF, SLR and 
SUR as a reference parame~er. Furthermore, the sludge age can 
be fixed by a simple process control procedure if the process is 
appropriately designed. This control procedure is much more 
practical than procedures based on the LF approach. 
10.2 Process Control 
The usual control procedure of the activated sludge process 
.involves keeping the sludge concentration at some value either 
specified from design considerations or established from experience 
·". 
~ ,._ .. 
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on the plant behaviour. Knowing the sludge.concentration (X or . . v 
Xt), to check that the LF is within the desired limits requires 
extensive testing over the day of the influent COD (or BOD) concen-
tration and flow pattern to determine the daily COD (or BOD) mass 
load. To calculate the corresponding sludge age, a history of the 
daily sludge mass wastage needs to be kept. Often in conventional 
plants, the waste sludge is abstracted from the secondary settling 
tank underflow to benefit from the thickening function of the 
secondary settlers. However the sludge concentration of the under-
flow varies considerably with the daily cyclic flow through the 
plant (see Figs 4.7 and 4.8). Hence, each time sludge is wasted 
it is necessary to measure the underflow concentration and calculate 
the sludge age. 
From the above, it is clear that in order to know the sludge age or 
the LF accurately, intensive testing of the plant and influent is 
required. This is manageable on large plants where the technical 
supervision is adequate, but on small plants both the Load Factor. 
and sludge age usually are unknown. 
The discussion above demonstrates that wasting sludge from the 
secondary settler underflow does not result in a simple and accurate 
control of either the sludge age or the LF. However, by using a 
different sludge wasting procedure, an accurate and simple control 
of the sludge age is possible. This different sludge wastage 
procedure is called the hydraulic control of the sludge age. 
10.3 Hydraulic Control of Sludge Age 
Hydraulic control of sludge age was first proposed and implemented in 
a generalized form by Garrett in 1958, based on a method of "modified 
sewage aeration" implemented by Setter, Carpenter and Winslow (1945) :' 
It operates as follows: Suppose .a sludge age of 10 days is specified. 
A satellite settling tank or dissolved air flotation unit is provided, 
completely independent of the secondary settling tank, to which 1/10 
of the reactor volume is pumped every day. The supernatant is dis-
··le 
For a review of the development of hydraulic control of sludge age 
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Fig 4.7 Experimental data from a full scale activated sludge plant 
illustrating stability of the reactor MLSS concentration 
compared with that in the secondary settler underflow. 
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Fig 4.8 Increased sludge accumulation and higher underflow sludge 
concentration for (i) decreased recycle flow for fixed 
influent flow and (ii) increased influent flow for fixed 
recycle flow. 
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charged to the effluent channel (or pumped back to the reactor),* 
the thickened sludge is pumped to the digestors or drying beds. That 
this method gives the correct sludge age can be seen from Eq (4.2) and 
the procedure works because the mixed liquor concentration changes 
insignificantly over the day. This is verified by comparing the 
stability of the concentration of mixed liquor in the reactor and the 
concentration of sludge in the underflow over the day in one of the 
major plants of Johannesburg, Fig 4.7, (Nicholls, 1975). 
Controlling the sludge age in small works may require pumping at regular 
times, every day or every few days, provided the volume pumped is such 
that the required volume, v, per day is abstracted. On large plants 
the satellite settling tank (or flotation unit) may be designed for 
continuous operation receiving a constant flow, or, operated over a part 
of the day. 
An important point about hydraulic control of the sludge age is that 
irrespective of the flow through the plant if a fixed fraction of the 
volume of the reactor is removed and wasted every day, the sludge age 
is fixed. If the COD mass load per day on the plant remains constant, 
the sludge concentration will remain constant automatically. If the 
COD mass load increases, the sludge concentration will increase auto-
matically, to maintain the same sludge age. Thus, by monitoring the MLSS 
concentration and its changes for a fixed sludge age an indirect measure 
is obtained of the COD load and load change. 
By means of the hydraulic control procedure, the sludge age may be 
changed by simply changing the volume wasted per day. If say, the 
sludge age is reduced from 25 days to 20 days by hydraulic control, 
the full effect of the change will become apparent only after about 
15 days. Thus the organisms have an opportunity to adapt gradually 
to the change in load. 
*it should be noted that in a gravity thickener for waste sludge from 
a nutrient removal plant, considerable concentrations of phosphorus may 
be released in the thickener, which, when discharged to the activated 
sludge process ~ill be counter productive for excess biological P 
removal. The thickener supernatant may have to be treated chemically 
to precipitate the P before discharge to the activated sludge process 
(see Section 8 above). 
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Hydraulic control of sludge age is particularly relevant to plants 
with sludge ages longer than about 4 days because for these plants 
the mass of sludge contained in the secondary settling tanks is a 
minor fraction of the total mass of sludge in the system. At 
sludge ages shorter than 4 days the mass of sludge in the secondary 
settling tanks becomes appreciable with respect to the total mass 
of sludge in the system. Hydraulic control will have to take 
cognizance of this and accuracy of the control will require 
additional testing. It should be noted that irrespective of the 
sludge age of the plant, the satellite settling tank required for 
hydraulic control will always be very small with respect to the 
Secondary settling tanks - at 2 days sludge age the retention time 
is usually about 4 to 6 hours and hence the satellite settling 
.tank has to accommodate l/12th to l/8th of the daily average flow; 
at 25 days sludge age the retention time is about t to la days and 
the satellite settling tank has to accommodate about l/20th of the 
daily average flow; in contrast the secondary settling tank has 
to accommodate 2 to 4 times the daily average flow. 
With r~gard to design, hydraulic control of the sludge age has the 
following implications: It devolves a greater onus on the designer 
and removes responsibility from the plant operator: It becomes 
essential that the designer calculates the sludge mass more exactly, 
to provide sufficient reactor volume under the design load to allow for 
the required concentration of MLSS in the reactor at the specified 
sludge age. Also, the settling tank design, recycle and aeration 
capacities must be adequate. If these aspects are catered for 
adequately, then with hydraulic control of thi~ sludge age, plant control 
is simplified and, on small scale plants, may even do away with the 
requirements for solids and SVI tests except at long intervals. 
Hydraulic control of sludge age makes the Sludge Loading Rate, SLR, (or 
Substrate Utilization Rate, SUR), redundant and introduces an entirely 
different attitude to process control. 
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11. SELECTION OF SLUDGE .AGE 
Selection of the sludge age is the most fundamental and important 
decision in the design of an activated sludge process. The sludge 
age of a plant depends on many factors inter alia, stability of the 
process, sludge settleability, whether or not the waste sludge should 
be suitable for direct discharge to drying beds, and most important 
of all the quality of effluent required i.e. is COD removal only 
acceptable, must the effluent be nitrified, is nitrogen and phosphorus 
removal required. Although the discussion below will be aimed at 
South African conditions, where nitrification is obligatory and 
stringent standards for the effluent phosphate concentration have 
been promulgated, other situations will be discussed briefly so 
as to place South African activated sludge process technology in 
perspective with other technologies, for example those of Europe and 
North America. 
11.1 Short Sludge Ages (1-5 days) 
~~g~~~!i~g~!_E!~g!~: These plants are operated in the conventional 
configuration i.e. a semi plug flow configuration but modified 
systems such as contact stabilization, step aeration, step feed and 
others are also implemented. 
Short sludge age plants are extensively used in Europe and North 
America but are virtually unknown in South Africa principally because 
the promulgated standards for effluents cannot be satisfied, i.e. 
that of obligatory nitrification. 
Short sludge age plants are for the purpose of COD removal only, 
towards this objective sludge ages of 1 to 3 days are sufficient. 
BOD or COD reductions, for the conventional system range from 75 to 
90%; the actual removal achieved depends on the influent, the 
state of the sludge and the efficiency of the settling tanks. 
Predatory activity of the micro-organisms in the sludge is 
relatively low which causes turbidity and high effluent COD. 
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Nitrification should be absent,or the plant can be operated to 
prevent nitrification; this however may be difficult to achieve 
with high water temperatures in the tropics. 
Advantages with low sludge age plants are: small process volumes 
for unit input COD (Fig 4.3) with corresponding low carbonaceous 
oxygen demand (see Fig 4.2); nitrification is unlikely,giving a 
saving in the nitrification oxygen demand (see Fig 6.1); oxygen 
demand under cyclic flow and load tends to be heavily damped 
making control of the oxygen easier than with longer sludge age 
plants. Disadvantages are: the mass of sludge produced by unit 
COD input is high (Fig 4.4) and the active fraction of the sludge 
is high (Fig 4.2). The sludge treatment facilities accordingly 
constitute an appreciable fraction of the treatment costs although 
the running costs can be reduced by energy recovery from anaerobic 
digestion of the sludge (see below); the process tends to be 
unstable and sensitive to mechanical breakdown. 
Because of the relatively low oxygen demand and the high sludge 
production per unit input COD it is possible to make these high 
rate processes near self sufficient with respect to energy require-
ments - sufficient methane gas can be produced by anaerobic 
digestion of the waste sludge to generate electricity for oxygen 
supply and process operation. 
~~.E~!~Q_1~g~~!!~: In aerated lagoons, (as opposed to aerated 
oxidation ponds which supplement the oxygenation by algae) the 
oxygen requirement in the process is supplied wholly by aerators, 
usually floating mechanical ones-. There are essentially two types 
of aerated lagoons, suspension mixed and facultative. 
Suspension mixed aerated lagoons have sufficient energy input per 
unit volume by the aeration equipment to keep the sludge in 
suspension. In facultative lagoons this energy input is 
insufficient and settlement takes place on the lagoon floor, to 




Kinetically, suspension mixed lagoons are members of the activated 
sludge process, the difference is only in that the former is a flow 
through system i.e. the sludge age equals the nominal hydraulic 
retention time,whereas the latter has a sludge recycle from the 
settling tank making the sludge age longer than the hydraulic ,. 
retention time. Accordingly the volume of the aerated lagoon per 
unit input COD is large whereas it is small for the conventional short 
sludge plant. (For a sludge age of, say, 1 day the aerated lagoon 
will have an hydraulic retention time of one day whereas the short 
sludge age conventional plant (with a one day sludge age) will have a 
hydraulic-retention time of about l/Bth of a day. 
The effluent from a suspension mixed aerated lagoon has the same 
constitution as the mixed liquor in the basin. The COD removed 
from the system via the oxygen demand is relatively small so that 
the COD in the effluent is quite unacceptable for discharge to 
receiving waters. In fact the principal objective of all short 
age plants is to act as biological flocculators, to physically 
change the influent COD, soluble and particulate, to a form that 
allows effective liquid solid separation. In the conventional 
short sludge age plant the waste sludge is transferred to the 
sludge treatment facility; in the aerated lagoon usually a second 
pond is provided i.e. an oxidation pond or a facultative aerated 
lagoon, to allow the now readily settleable particulate material to 
settle as a sludge layer and thereby produce a relatively solids-feee 
effluent. 
Aerated lagoons find application principally in industrial waste 
treatment and seasonal waters. Design considerations are not dealt 
with in this manual; these are discussed by Marais and Ekama (1980) 
and reference should be made to that report. 
11.2 Intermediate Sludge Ages (10-15 days) 
Where nitrification is obligatory, the sludge ages required are 5 
to 8 times longer than those for COD removal only, depending on the 
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temperature. In the temperate regions where water temperatures 
may fall below l2°C to 14°C the sludge age is unlikely to be less than 
10 to 15 days. In this range of sludge age, the effluent COD con-
centration no longer plays a role in the design because for sludge 
ages longer than about 4 days, the effluent COD or BOD concentrations 
remain approximately constant (see Section 3.4 above). The effluent 
ammonia concentration also plays a minor- role in design because 
nitrification kinetics are such that once nitrification is achieved, 
it is virtually complete; even though the effluent standards may 
require an effluent ammonia concentration of less than, say, 10 mgN/£, 
once nitrification takes place the concentration is likely to be less 
than 4 mgN/£. Consequently for nitrification, the sludge age of 
the process is fixed completely by the requirement for nitrification. 
(The method for calculating the minimum sludge age for nitrification 
is given in Chapter 5, Section 4.) 
With low alkalinity wastewaters (like those encountered' in 
the Western and Southern Cape), nitrification can cause 
a significant reduction in effluent pH, often as low as 5. This 
not only ca~ses problems with the nitrification process itself in 
that only partial nitrification is achieved, with the likelihood of 
non compliance of the 10 mgN/£ effluent ammonia standard (see Chapter 
5, Section 4.3), but it also tends to favour the development of poor 
settling sludges and to produce aggressive effluents that can do 
considerable damage to concrete surfaces. To reduce these problems 
(and to derive other advantages cited later in this section) the 
policy of deliberate biological denitrification has evolved. However, 
once biological denitrification is incorporated in the process, sludge 
ages longer than 10 to 15 days are required and the process falls into 
the long sludge age category. 
Comparing intermediate sludge age plants with high rate plants, the 
oxygen demand per kgCOD (including nitrification) is doubled (see 
Fig 6.1), the process volume is 3 to 4 times larger (see Fig 4 .3), 
the daily sludge mass wasted is reduced by 40% (see Fig 4.4) and active . 
fraction is much lower (see Fig 4.2). Intermediate sludge age plants 
. ' ' ~ . 
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are much more stable than·high rate plants; requiring less sophis-
ticated control techniques or operator intervention thereby making 
these plants more suitable for general application. 
At intermediate sludge ages, the active fraction of the waste 
sludge is still too high for direct discharge to drying beds. 
Consequently some form of waste sluge stabilization would .need to 
be incorporated in the treatment works, i.e. either aerobic or anaerobic 
digestion. The former has the advantage of ease of operation but 
the disadvantage of energy costs for oxygen supply; the latter has 
the advantage of energy production but the disadvantage of complexity 
of operation. Even with energy recovery by anaerobic digestion of 
waste sludge, because of the low mass of sludge wasted from the 
activated sludge plant and high oxygen demand per kgCOD load, energy 
self-sufficiency at intermediate sludge ages is impossible. How-
ever, on large plants (± half million person equivalent) where 
technical supervision and operator expertise are of a high level, 
energy cost can be reduced by gas production from anaerobic digestors 
and probably can be justified economically, particularly if energy 
costs continue to increase as they have over the past decade. 
In nitrifying aerobic activated sludge plants, there is always the 
possibility that denitrification can take place in the secondary 
settling tank. This problem is exacerbated by the process control 
procedure of abstracting the waste sludge from the settling tank 
underflow (see Section 10 above). This procedure is used to benefit 
from the thickening function of the settling tank: the lower the 
underflow recycle ratio, the higher the underflow concentration, the 
lower the volume of waste sludge. However low underflow recycle 
ratios result in large sludge accumulations in the secondary settling 
tank. (see Fig 4.8). Hence the sludge might be retained in the 
settling tank for a long period of time and this is likely to lead 
to denitrification. The degree of denitrification is increased as 
(i) the residence time in the settling tank increases - this 
depends on the recycle ratio and peak flow conditions. 
(ii) the active fraction of the sludge increases, i.e. is greater 
at shorter sludge ages, Fig 4.2; 
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(iii) the temperature increases; and 
(iv) the mass of biodegradable COD adsorbed on the organism 
mass increases (van Haandel, Ekama and Marais, 1981) -
this is generally greatest at the peak load condition. 
If denitrification in the settling tank takes place to a sufficient 
degree, attachment of sludge particles to the nitrogen gas bubbles 
causes buoying of the particles to the surface. The flotation ef-
fect can cause considerable loss of sludge via the settling tank 
overflow. This behaviour has been observed, for example, at Bellville, 
Cape Town, where sludge losses have been observed during that 
latter part of summer when the water temperatures are around 22°C. 
Sludge loss occurs daily in the afternoon after the peak flow and 
load when both the sludge accumulation in the settling tank and stored 
COD adsorbed on the sludge mass are at a maxi.mum. Although the under-
flow recycle ratio is quite high (s = 2) sufficient sludge still 
accumulates to make denitrification significant at high temperatures. 
The above discussion on experience with nitri.fying activated sludge 
plants points to the following conclusions -
The secondary settling tank no longer should serve the dual purpose 
of solid-liquid separation and thickening. The sludge residence time 
needs to be minimized, to reduce denitrification, by having a high 
underflow recycle ratio, of 1 to 2:1, but this will result in 
inadequate thickening of the waste sludge withdrawn from the under-
flow. The thickening aspect can be solved by implementing hydraulic 
control of the sludge age, by providing a small indepenJent satellite 
settling tank for gravity thickening of the waste sludge (the super-
natant being returned to the reactor so that inadequate clarification 
due to denitrification flotation does not affect effluent quality) or 
by replacing the gravity satellite tank with a dissolved-air flotation 
These modifications, however, ameliorate the effects on the 
secondary settling tank but do not positively remove the root cause,i.e. 
the high nitrate concentration in t-he mixed liquor. This can be done 
'1< 
Thickening by dissolved air flotation now is both technically and 
economically feasible, Bratby and Marais (1976, 1977). 
'.\' 
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only by including denitrification in the process, which then shifts 
the process to that of the long sludge age type. 
11.3 Long Sludge Ages (20 days or more) 
~~E~~~~-E!~g~~: Long sludge age aerobic plants are usually called 
extended aeration plants. The sludge age is chosen so long that 
the active mass fraction of the waste sludge is sufficiently re-
duced to allow discharge directly to sludge drying beds after thick-
ening. What this sludge age should be will depend to a tjegree on 
the climatic conditions i.e. whether the sludge can be dried before 
it starts smelling, but probably exceeds 30 to 40 days - research 
into the sludge ages necessary under South African conditions is 
necessary. 
Compared to intermediate sludge age plants the total oxygen demand 
(i.e. carbonaceous plus nitrification) is about equivalent (Fig. 6.1); 
the process volume requirement is 50 to 60% higher and the active 
fraction 50% lower. As nitrification always occurs, problems with 
rising sludge in the settling tank are to be expected. Control of 
the sludge age is best via the hydraulic sludge age control method, 
so that high recycles from the secondary settling tank can be imposed 
to reduce rising sludge in the tank, as described under intermediate 
sluge age processes above. Problems of low pH when treating low 
Alkalinity wastewater are to be expected. 
Extended aeration plants are very stable in operation and require pro-
bably less supervision than any other activated sludge process. Although 
the volume requirements and the oxygen demand per unit input COD is 
large, the relative ease of operation makes this process the indicated 
one for small communities. However, it must be remembered that this 
process will discharge a low COD effluent but with high nitrate and 
phosphate concentrations. The nitrate concentration can be drastically 
reduced and low pH effluent prevented by incorporating an anoxic zone 
in the process without basically disturbing the ease of operation. This 
modification always should be kept in mind when considering extended 
aeration as a possible process. 
Processes that can be operated in the extended aeration modes are 
the completely mixed single reactor, the Orbal multi-channel, 
oxidation ditch and Carrousel processes. 
Anoxic-Aerobic Process 
4.41 
Once sludge ages in the range greater than 20 days are accepted it 
is possible usually to incorporate denitrification in the process 
without upsetting stability in nitrification. The reactor is 
suitably subdivided into unaerated (anoxic) and aerated zones in a 
variety of ways, the denitrification taking place in the unaerated 
zones and the nitrification in the aerated zones to give the so-
called nitrification-denitrification process. The advantages are 
substantial: (1) Nitrate concentration in the effluent is reduced, 
the nitrate utilized in the unaerated zones lowering the oxygen 
demand of the process accordingly; with complete denitrification the 
total oxygen demand can be reduced by approximately 15 to 20% com-
pared with the requirements for a nitrifying process. (2) Loss of 
sludge in the overflow from the settling tank due to rising sludge is 
largely eliminated , and (3) alkalinity recovery with denitrification 
makes that pH instability with low influent alkalinity wastewaters 
is very unlikely, Normally the sludge ages in nitrification-
denitrification plants are insufficient to allow direct dis-
charge of the waste sludge to the drying beds. 
Process configurations of anoxic-aerobic system are the Modified 
Ludzack-Ettinger process in which a primary anoxic reactor is 
provided, the Bardenpho which incorporates both primary and secon-
dary ano.xic reactors, the Orb al in which anoxic zones are created 
by reducing the aeration energy input in channels, Carrousel and 
oxidation ditch in which the aeration at the aerators is controlled 
to induce anoxic zones between the aerat!on points, and sequential 
aeration and anoxic operation in the same reactor, or in two inter-




Incorporation of biological .. denitrification in a process imposes 
additional constraints on the design. It requires the selection 
of a process sludge age and an unaerated mass fraction, (to achieve 
/ 
the required denitrification or the highest denitrification possible), 
yet ensuring efficient nitrification under all expected conditions. 
(See Chapter 5, Section 6, and Chapter 6, Section 6). 
These plants are needed where biological removal of both nitrogen 
and phosphorus is required and are called biological excess P re-
moval plants. The phosphorus removal propensity is created by 
providing a zone in the process that receives the influent waste-
water but no oxygen and nitrate (via the recycles of mixed liquor). 
The incorporation of this zone imposes further constraints on the 
design of the system: A sludge age must be selected that will ensure 
efficient nitrification at all times, provide for anoxic zones that 
will give complete or maximal removal of nitrate and an anaerobic 
zone that receives the influent flow and recycles of mixed liquor not 
containing nitrate generated in the system. The critical aspects of the 
design are ~he assurance of nitrification and the assurance of no 
discharge of nitrate to the anaerobic zone. The success of the de-
sign is sensitive to a number of factors: the influent wastewater 
characteristics, such as the readily biodegradable COD concentration, 
the TKN/COD and P/COD ratios, the maximum specific growth rate of the 
nitrifiers, maximum and minimum temperatures, severity of cyclic load 
and flow, control of aeration and control of nitrate and dissolved 
oxygen in some of the recycles. 
Aeration control is a particularly vexing problem under cyclic load 
and flow conditions because the process is affected by too high or too 
low oxygen concentrations in the aerobic zone. Too high concentrations 
cause oxygen to be recycled to the anoxic zone (and the anaerobic zone 
in the 5 stage Phoredox process), thereby reducing the potential for 
P and N removal; too low oxygen concentrations cause the nifrification 
efficiency to decline and poor settling slu~ges to develop. 
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Oxygen control setups that have been developed still require con-
siderable operational attention, particularly the oxygen probes, 
and at present their installation in smaller plants is to be 
questioned. These difficulties have prompted research into an 
alternative solution - load and flow equalization. In this ap-
proach an equalization tank is provided upstream of the plant. 
The effluent flow from the tank is controlled in such a manner 
that the cyclic fluctuations in the flow and load are damped to 
very small values. The control is via a microcomputer that 
calculates the discharge flow setting. The ~~ssential inputs to 
the computer are the depth of liquor in the equalization tank and 
the flow rate out of the tank; both these measurements can be 
readily monitored automatically and operate reliably over long 
periods of time. The microcomputer also has reached a stage of 
development that ensures its long term trouble-free service. The 
equalization approach with the microcomputer control, has been 
tested at Goudkoppies plant, Johannesburg and shows great potential 
for reducing aeration and other control problems in nutrient removal 
plants. Detailed information on equalization tanks is available in 
a report by Dold, Buhr and Marais (1982). Design details of the 
P removal processes, considered in this Manual, are given in 
Chapter 7. 
It should be noted that the waste sludge from a biological excess 
removal activated sludge process contains high concentrations of P. 
If the sludge is allowed to become anaerobic or is anaerobically 
digested much of the phosphorus removed from the wastewater will be 
released from the sludge mass to the bulk liquid, consequently 
seepage from drying beds may have to be chemically treated to 
precipitate the phosphorus before recycling to the plant. Failure 
to recognize this behaviour of phosphorus rich biological sludges may 
lead to inadvertent re-contamination of the effluent with high 
concentrations of phosphorus (see Section 8 above). 
Examples of N and P removal processes are the multi-reactor Phoredox 
and UCT processes in which the anaerobic, anoxic and aerobic conditions 
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are induced in separate reactors interlinked by recycle flows. Other 
removal systems have been proposed, for example that by Kerdachi and 
Roberts (1982) in which these conditions are imposed within the same 
reactor. 
Where P removal without obligatory nitrogen removal is required the 
sludge age can be selected to prevent nitrification and in the multi-
reactor type plant theoretically only anaerobic and aerobic reactors 
are needed, i.e. no anoxic reactor. The sludge age is reduced sub-
stantially, probably to less than eight days, so that the reactor volume 
per input COD is much smaller than where nitrification-denitrification 
is a requirement. However, even with these short sludge ages it would 
be wise, always, to make provision for denitrification of any nitrate 
generated and recycled to the anaerobic zone. This provision is of 
particular relevance in warm climates or where the maximum specific 
growth rate of the nitrifiers is very high so that nitrification can 
occur at aerobic sludge ages of, say, 2 days. These short sludge age 
P removal plants are not considered in this manual. 
12. DESIGN EXAMPLE 
In this section, the procedure for design of organic material (COD) 
degradation in purely aerobic processes is demonstrated with 
numerical examples. Assuming flow and load conditions, calculations 
are presented showing how estimates of the process volume require-
ments, average daily carbonaceous oxygen dema~d and daily sludge 
production are obtained for the treatment of raw or settled waste-
waters based on the wastewater characteristics. 
12.1 Influent Wastewater Characteristics 
The daily average characteristics. for a particular raw wastewater 
are given in Table 4.3. In the design example it is assumed that 
primary sedimentation tanks remove 40% of the total COD load, 15% 
of the TKN and total P and 10% of the readily biodegradable COD. 
The settled wastewater characteristics are also given in Table 4.3. 
It should be noted that the soluble concentrations in the settled . 
wastewater should be approximately equal to those in the raw waste-
water. For example, from Table 4.3 the soluble unbiodegradable COD 
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concentration in the raw wastewater is 0,5 mg COD/mg COD, i.e. 
0,05.600 = 30 mg COD/£ (Eq. 2.3). As the soluble unbiodegradable 
constituents are not affected by primary sedimentation, the unbio-
degradable soluble COD fraction of the settled wastewater accordingly 
will be approximately 30/360 = 0,08 mg COD/mg COD. Similarly, the 
readily biodegradable COD fraction (fbs) of the raw waterwater is 
given as 0,2~. This is equivalent to a concentration of 0,24 (1 -
f - f )S . = 0,24(0,82)600 = 118 mg COD/£ (see Eqs. 2.8 and 2.9). up us ti . 
Primary sedimentation is assumed to remove lOt; of the readily bio-
degradable COD (due to biodegradation), the f
1 
fraction in the 
>S 
settled wastewater is given by {(1,0 - 0,10)118}/{(l - 08 - 0,04)360} 
= 0,33 (see Eqs. 2.8 and 2.9). The examples show that care must be 
taken that settled wastewater characteristics are not fixed at values 
that are inconsistent with the raw wastewater characteristics and 
primary settling tank behaviour. 
Table 4.3 Raw and settled wastewater characteristics 




Influent COD concentration s . 
t l. 
600'" 36o;'c 
Influent TKN concentration N 
ti 
48'" 41 '~ 
Influent p concentration p . t l. 10 
8 5* 
' 
TKN/COD' ratio - 0,080 0, 114 
P/COD ratio - 0,017 0,024 
Unbiodegradable soluble COD f 0,05 0,08 
us 
Unbiodegradable particulate COD f 0,13 0,04 up 
MLVSS/MLSS ratio of sludge produced f. 0,75 0,83 
l. 
Temperature - Summer T 22 22 max 
\ 
- Winter T 14 14 min 
pH of wastewater - 7,5 7,5 
















concentrations appropriately weighted to take account Influent 
of daily cyclic flow variations 
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12.2 Temperature Effects 
From Table 4.1, the only constant in the organic material degradation 
theory that is affected by temperature is the endogenous respiration 
This rate reduces by about 3% every l°C drop in tempera-
ture - from Eq (4.5), (given in Table 4.1), the rate at 14°C is 
0,20/d and at 22°C is 0,25/d. The effect of the reduction in the 
rate with decrease in temperature is that at reduced temperatures 
the daily sludge production is marginally increased and the average 
carbonaceous oxygen demand is marginally decreased - the differences 
in sludge production and oxygen demand are less than 5% for a 6°C 
change in temperature. Consequently, the average carbonaceous 
oxygen demand should be calculated at the maximum temperature and 
the process volume and sludge production at the minimum temperature 
in order to find the maximum values of these parameters. 
12.3 Calculations for Organic Material Degradation 
The example will demonstrate the effect of temperature and sludge age 
on (i) the mass of sludge in the process, (ii) the average daily 
carbonaceous oxygen ~emand, (iii) the active fraction of the sludge 
and (iv) mass of sludge wasted daily. These four parameters will be 
calculated for the raw and settled wastewater at 14°C and 22°C for sludge 
ages ranging from 5 to 30 days. The values of the constants Yh,f ,f 
CV 
and bh (appropriately adjusted for temperature)are given in Table 4.1. 




Mass of biodegradable COD = M(Sb.) = (1-f -f )M(S .) 
i up us ti 
Mass of unbiodegradable particulate solids 
M(X .. ) = M(S .)f /f 
ii ti up CV 





M(Sti) 13,33.10 .600 mg COD/d 8000 kg COD/d 
f 0,05 mg COD/mg COD us 
f 0,13 mg COD/mg COD up 
M(Sbi) (1 - 0,05 - 0,13)8000 6560 kg COD/d 
M(X .. ) 
ii = 8000.0,13/1,48 702,7 kg VSS/d 
and for settled sewage: 
M(S . ) 
ti 60% of 8000 = 4800 kg COD/d 
f 0,08 mg COD/mg COD us 
f 0,04 mg COD/mg COD up 
M(Sbi) (1 - 0,08 - 0,04)4800 4724 kg COD/d 
M(X .. ) ii 4800.0,03.1,48 97,3 kg VSS/d 




2952 (1 + 0,2 bhT R) 
+ 702,7 R 
(1 + bhT Rs) s 
(4.29a) 
for raw wastewater, 
1901 (1 + 0,2 bhT R ) 
M(X ) s + 97,3 R v (1 + bhT Rs) s 
(4. 29b) 
for settled wastewater. 
From Eq (4.14) the mass of Total Suspended Solids in the process is 
given by 
M(X )/0,75 for raw wastewater 
v 










= M(Sb.) {(1-f Yh) + f (1-f)b ----} 
1 cv cv hT (l+bhT Rs) 
bhT Rs } = 6560 {(0,334) + 0,533 (kg O/d) 
(l+bhT Rs) 
for raw wastewater, 
bhT Rs 
4224 {(0,334 + 0,533 (l+b R )} (kg O/d) 
hT s 
for settled wastewater. 
(4.31a) 
(4.3lb) 
From Eq (4.18), the active fraction with respect to the volatile sus-
pended solids (f ) is given by av 
= l/{l,238+0,438 bhT Rs} for raw wastewater. 
l/{l+0,2 bhT Rs + 0,068 (l+bhT Rs)} 
= l/{l,068+0,268 bhT Rs} for settled wastewater 
(4. 32a) 
(4. 32b) 
From Eq (4.22), the mass of sludge (as Total Suspended Solids) produced 
per day is given by 
for raw wastewater, 
(l+0,2 bhT R ) + O,l2_} 
s l ,Li8 
(4. 33a) 
•'·. 
8000 {0,88.0,45 ( ) 0,04} 
) 'l+0, 2 ,bhT Rs + 1,48 0,83 (l+bhT Rs 
0,396 (l+0,2 bhT Rs 
= 5783{ (l+b R ) + 0,03} 
hT s 
for settled wastewater. 
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(4.33b) 
Substituting the bhT value for 14°C (i.e 0,202/d) and 22°C (i.e 0,254/d) 
into Eqs (4.25 to 4.29) the parameters M(Xv)' M(Xt), M(Oc), fav and 
M(6X ) can be calculated for sludge ages 5 to 30 days. 
t 
are shown plotted in Fig 4.9. 
The results 
Figure 4.9 confirms that the mass of sludge in the process (MLSS or 
MLVSS), the average carbonaceous oxygen dema~d and the active frac-
tion (with respect to MLSS or MLVSS) are only marginally affected by 
temperature and for these parameters insofar as design is concexned, 
are not really of consequence. However, the influent waste type 
i.e. raw or settled wastewater, has a significant effect; raw waste-
water results in more sludge in the process, a higher oxygen demand 
and a lower active fraction of the sludge than settled wastewater. 
The difference in effects between raw and settled wastewater depends 
wholly on the efficiency of the primary settling tanks - the dif-
ferences apparent in Fig. 4.9 arise from a 40% COD removal in pri-
mary sedimentation. The greater the efficiency of primary sedimen-
tation the g,reater the difference between the parameters shown in 
Fig. 4.9 
From Eq. (4.16) for the same MLSS concentration, the process volume 
is proportional to the mass of sludge contained in it.-Hence for the 
same MLSS concentration, the volume of the process treating settled 
wastewater will be only 40% of that treating raw wastewater at 25 days 
sludge age. Also, the settled wastewater plant requires only 64% of 
the oxygen the raw wastewater plant requires. However, the active 
fraction of the sludge in the settled wastewater plant is 34%, probably 
too high for direct discharge to the drying beds, whereas that from the 
raw wastewater plant is 22%, probably sufficiently low for discharge 
to drying beds without further stabilization. Clearly the 
' 
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choice of treating settled sewage as against raw sewage requires 
weighing the advantages and disadvantages of each against each 
other, i.e. settled sewage (smaller process volume, smaller oxygen 
demand and smaller secondary sludge production, but, with primary 
sludge production and its disposal) against raw sewage (greater 
process volume, higher oxygen demand and higher secondary sludge 
production, but no primary sludge production). The choice is made 
more difficult by the fact that higher biological removals of N and 
P are achieved with raw wastewater than with settled wastewaters 
(see Chapter 3, Section 5). These aspects are discussed in detail 
in Chapters 6 and 7 and will be demonstrated by extending the above 
design example to include biological nitrogen and phosphorus removal. 
13. CONCLUSIONS 
The calculations for the daily sludge production ,daily average car-
bonaceous oxygen demand, process volume and nitrogen and phosphorus 
requirements for sludge production etc. were demonstrated for a raw and 
a settled sewage with selected wastewater characteristics for the raw 
sewage and assumed effects of primary settlement on the raw sewage 
characteristics. Selection of the numerical magnitudes of these 
characteristics was based on experience with five municipal waste flows 
so that the data should not be taken to apply generally. Whenever pos-
sible, the characteristics should be determined experimentally, or 
estimated by some semi-e.xperimental procedure supplemented by experience. 
Where design information is inadequate it will be necessary to select 
ranges of values for some parameters,ranges that appear to span across 
the true values, and to repeat the design a number of times using 
various combinations of the limiting values. In this way a picture 
will be built up of the sensitivity of the plant process response so 
that appropriate provisions can be made in the design. There are so 
many interactive effects that ample design provision in one aspect, for 
example, does not necessarily resolve that problem in terms of the 
whole design as it may create problems in other aspects. 
4.52 
14. REFERENCES 
1. Arkley Mand G v R Marais (1982). Effect of the anoxic 
sludge mass fraction on the activated sludge 
process. Research Report No. W 38, Dept. of Civil 
Eng;, Univ. of Cape Town. 
2. Bratby J and G V R Marais (1976). A guide for the design of 
dissolved-air (pressure) flotation systems for 
activated sludge processes. Water SA, ;, 2, 86-100. 
3. Bratby J and G v R Marais (1978). Aspects of sludge thickening 
4. 
by dissolved-air flotation. Wat.Pollot.Control, ]}__, 3, 
421-432. 
Dold PL, GA Ekama and G v R Marais (1980). A general model 
for the activated sludge process. Prog.Wat.Tech., 12, 
47-77. 
5. Dold PL, H 0 Buhr and G v R Marais (1982). Design and control 
of equalization tanks. Research Report No. W 42, Dept. 
of Civil Eng., Univ. of Cape Town. 
6. Ekama GA and G v R Marais (1978). The dynamic behaviour of 
the activated sludge process. Research Report No. W 27, 
Dept. of Civil Eng., Univ. of Cape Town. 
7. Garrett MT (1958). Hydraulic control of activated sludge growth 
rate. Sew. and Ind. Wastes, l~· 253. 
8. Marais G v Rand GA Ekama (1976). The activated sludge process 
part 1 - steady state behaviour. Water SA, 2, 4, 
163-200. -
9. Marais G v R and G A Ekama (1980). Aer.1ted lagoons. Research 
Report, Dept. of Civil Eng., Univ. of Cape Town. 
10. McKinney RE and JM Symons (1964). Growth and endogenous 
metabolism - a discussion. Proc. 1st Int.Conf. on Wat. 
Pollot. Control, London, 1962, Pergamon Press, Oxford. 
11. Nicholls HA (1975). Internal Thesis Report, Dept. of Civil 
Eng., Univ. of Cape Town. 
12. Payne W J (1970). Energy yields and growth of heterotrophs. 
Annual reviews - microbiology, 17-51. 




nitrogen removal in the single sludge activated sludge 
orocess. Research Reoort No. W 41. Dept. of Civil Eng., 
Univ. of Cape Town. 
Setter LR, WT Carpenter and CC Winslow (1945). 
application of modified sewage aeration. 





Haandel AC, GA Ekama and G v R Marais (1981). The activated 
sludge process - 3 - single sludge denitrification. 
Water Research, 15, 1135-1152. - . 
Haandel AC and G v R Mar~is (1981). Nitrification and de-
nitrification in the activated sludge process. Research 
Report No. W 39, Dept. of Civil Eng., Univ. of Cape .Town. 
CHAPTER FIVE 
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NITRIFICATION 
by 
G A Ekama and G v R Marais 
1. INTRODUCTION 
The term nitrification describes the biological process 
whereby free and saline anunonia is oxidized to nitrite and nitrate. 
Nitrification is mediated by specific autotrophic organisms with 
behavioural characteristics that differ significantly from the 
heterotrophic ones. The objectives in this chapter are to review 
briefly the kinetics of nitrification, to highlight the factors that 
influence this biological reaction and set out the procedure for 
designing a nitrifying-aerobic activated sludge process. 
It has been well established that nitrification is due to 
two specific genera of autotrophic bacteria, the Nitrosomonas and 
Nitrobacter. Nitrification takes place in two sequential oxidation 
steps: (1) Nitrosomonas convert free and saline anunonia to nitrite, 
and (2) Nitrobacter convert nitrite to nitrate. The nitrifiers 
utilize anunonia for their synthesis nitrogen requirements, and as 
a source of energy to bring about synthesis. The anunonia require-
ment for synthesis, however, is a negligible fraction of the total 
anunonia processed by the organisms, at the most 2% (van Haandel and 
Marais, 1981). Consequently it is usual to neglect the metabolic 
* nitrogen requirements of the nitrifiers and to consider the 
nitrifiers simply to act as catalysts for the anunonia-nitrite-nitrate 
reactions - the reactions are taken as stoichiometric. This greatly 
simplifies the description of the kinetics of the process. 
* In nitrification processes, where the influent energy source consists 
principally of anunonia, this simplification no longer can be applied 
and the determination of the nitrifying sludge mass is necessary to 
design the process volume (Neytzel-de-Wilde, 1977). With municipal 
wastes under cyclic flow conditions the nitrifying mass also needs to 
be calculated. 
5.2 
Consider the two basic redox reactions in nitrification, 
+ - + NH4 + 3/2 o2 (Nitrosomonas) + N02 + H2o + 2H (5.la) 
No; + 1/2 o2 (Nitrobacter ) + No; (5.lb) 
Stoichiometrically the oxygen requirements for the first and 
second reactions are 3,43 and 1,14 mgO/mgN [also written as mg0/mg(NH3-N)]. 
Hence the conversion of ammonia to nitrate, both expressed as N, 
requires 4,57 mgO/mgN utilized. Taking into account the ammonia 
utilized for metabolic purposes of the nitrifiers, the oxygen require-
ments per mg(NH3-N) processed are slightly less, with reported values 
down to 4,3 mg0/mg(NH3-N). However such a sophisticated approach is 
more of academic than practical interest and we will accept the 
stoichiometric value, 4,57 mg0/mg(NH3-N). 
2. BIOLOGICAL KINETICS 
2 .1 Growth 
In order to formulate the nitrification behaviour it is 
necessary to understand the basic biological growth kinetics of 
nitrification. Here one has to consider the two stage. nitrification 
behaviour. The rate of conversion of ammonia to nitrate, by the 
Nitrosomonas is much slower than that of nitrite to nitrate, by the 
Nitrobacter. In fact, under most circumstances in municipal wastewater 
treatment plants, any nitrite that is formed is converted virtually 
immediately to nitrate. As a consequ~nce very little nitrite is 
observed in the effluent from a plant operating on an influent that 
does not contain substances that inhibit the Nitrobacter. The limiting 
rate in the nitrification sequence, therefore, is that due to the 
Nitrosomonas - one needs to consider the kinetics of this organism only. 
Because the nitrite produced is virtually immediately converted to nitrate 
in terms of the growth rate of the NitrosomonaB, to assume that the 
conversion is from ammonia to nitrate directly - on this basis the 
kinetics of nitrification reduce to the kinetics of the Nitrosomonas. 
Experimental investigations by Downing, Painter.and Knowles 
(1964) showed that the nitrification rate can be formulated in 
··~ ' .... · .... 
5.3 
terms of Monad's relationship. Monad .. found that (1) The mass of 
organisms generated is a fixed fraction of the mass of substrate 
(in this case ammonia) utilized. (2) The specific rate of growth, 
that is, the rate of growth per unit mass of organisms per unit 






















= y ~ 
n dt 






specific growth rate observed at concentration N , a 
(mgX /mgX Id) 
n n 
maximum specific growth rate possible (mgX /mgX /d) 
n n 
half saturation constant, i.e. the concentration at 
which µ = ~ µ nm 
= concentration of ammonia surrounding the organisms, 
[mg(NH3-N)/£] 






The growth rate is given by the product of the specific 
growth rate and the organism mass 
dX 
n 
dt' = µ T.X n n = 
µnmT Na 
.x 
KT+ N n n a 
(5.5) 
Instead of expressing the growth rate in terms of the 
mass of organisms, it is often useful also to express it in terms 
of the depletion rate of ammonia, as follows: From Eq (5.3) 





(µ T/Y )N 
nm n a X 
K T + N n n a 
(5. 6) 
Equation (5.6) is sometimes written in an equivalent form 
as follows: Define the maximum specific substrate utilization rate, 
KmT = µnmT/Yn then the specific substrate utilization rate KT becomes 
frorn Eq (5. 4) 
(5. 7) 





mT a .X 
K + N n 
nT a 
(5.8) 
This form is mentioned here because it is the one often used to express 
heterotrophic growth, and in fact is the form utilized in all the 
work published by the Marais group, because of its greater convenience 
for some purposes. 
of equal merit. 
The point to note is tha:t Eqs (5.6 and 5.8) are , 
The ammonia nitrogen that disappears in the nitrification 
reaction, reappears as nitrate nitrogen because the stoichiometric 
approach is adopted, i.e. 
dN dN n _ a 






(µ T/Y )N nm n a 
KnT + Nn 
.x 
n 




The oxygen consumption associated with nitrification is 
based on the stoichiometric assumption mentioned earlier, i.e. con-







2.2 Endogenous Respiration 
Consequently 
(5. 11) 
Up to this stage attention has been focussed on the growth 
aspect. However, Herbert (1958) showed that generally an organism 
mass undergoes a continuous mass loss, called endogenous mass loss. 
Furthermore from the great amount of research undertaken by the 
Marais group it seems that this loss occurs independently of the 






b = specific endogenous mass loss rate for Nitrosomonas nT (mg/mg/d) 
2.3 Behavioural Characteristics 
(5.12) 
In Fig (5.1) are shown the relationship between the specific 
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Fig 5 .1 Monod 's relationship for nitrifi,"::ation at 20°C. 
Fig 5.2 Relationship between sludge age for nitrification 




the substrate concentration; N ; as described by Monad's equation 
a 
Eqs (5.4 and 5.7) respectively. The rate constants selected are 
µnm 20 = 0,33,, Yn = 0,10 (hence Km= 3,3) and Kn20 = 1,0. The 
interesting feature of this plot is that, because K is so small 
n 
= 1 mg(NH3-N)/£, the specific rate is virtually at a maximum for 
5.7 
concentrations of 2 mg(NH3-N)/£ and higher. However at concentra-
.tions less than two the rate rapidly declines to zero so that the 
ammonia is not readily reduced to zero. 
3. PROCESS KINETICS 
As .indicated in Chapter 4 the basic process unit is the 
completely mixed activated sludge unit. The process under steady 
state provides the information necessary for design. 
With regard to nitrification, for design, the principal 
steady state solution required is that of the effluent ammonia 
concentration from a completely mixed aerobic reactor. This solu-
tion forms the basis for extensive analysis of the process behaviour. 
A comprehensive analysis is not required here; for those interested 
reference should be made to Ekama, van Haandel and Marais (1979) 
and van Haandel and Marais (1981). 
3.1 Effluent Ammonia Concentration 
Assume nitrification in a completely mixed reactor, under 
constant flow and load conditions (see Fig 5.2). A mass balance 
on the accumulation of nitrifier mass M(6X ) is given by 
n 
M(6X) = V 6X = [µ T'N /(KT+ N )].X .V 6t n p n nm a n a n p 
- b T'X .V .6t - X .q.6t n n p n 
where 
V = process volume (£) 
p 
q volumetric withdrawal rate of sludge from the reactor (£/d) 
Dividing by V 6t 
p 
t:,x I 6 = [ µ T N I (K T + N ) ]x - b x - x q/V n t run a n a n nT n n p 
v x 
Now p n = 
q xn 
where 
Mass of nitrifier sludge in process 
Mass of nitrifier sludge wasted per da~ 
R =sludge age (d) (see Eq 4.2). 
s 
5.8 
Under constant flow and load, when steady state is achieved, /::;X//::;t 
= 0 and solving for Na yields, 
N = a 
KnT (bnT + l/Rs) 
µrunT - (bnT + l/Rs) 
(5.13) 
It is of interest to note that in Eq (5.13) the arrnnonia concentration 
(N ) in the reactor (and effluent) is independent of the specific 
a. 
yield constant (Y) and the influent arrnnonia concentration (N .). 
n ai 
Using the same nitrification kinetic constants as those in Fig 5.1 
and taking bnT = 0,0, a plot of Eq (5.13) with Na versus sludge 
age R is given in Fig 5.2. 
s 
Note that at long sludge ages N is a 
very low and remains so until the sludge age is lowered to about 
3,5 days below which, N increases rapidly until, in terms of this 
a 
equation, N can exceed the influent concentration, N . - evidently 
a ai 
the limit of application of the equation is when N = N .. a ai 
Substituting• N . for N in Eq (5.13) and solving for R gives the ai a . s 
minimum sludge age, Rsm' below which theoretically, no n.itrific.ation 
can be achieved. This minimum sludge age varies slightly with 
the magnitude of N ., see Fig 5.2 - higher N . gives a slightly ai ai 
lower R . Now the effective influent N . (see later) will rarely ai · sm 
be less than about 20 mg/£. Noting that KT ~ 1 mgN/£, then K T/N . n n ai 
is negligibly small with respect to unity. Substituting zero for 
K T/N . in Eq (5.13) and solving for R , yields 
n ai sm 
R sm 1/ (µ T - b T) nm n 
(5.14) 
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For practical application, Eq {5.14) adequately defines the minimum 
sludge age for all N . greater than about 5 mgN/£. 
ai. 
The virtually constant value for R (for the accepted sm 
values of µ T and b T) and the rapid attainment of high nitrification nm n 
efficiency at sludge ages slightly greater than R causes that in a 
sm 
particular plant, as the sludge age is increased, once R exceeds R , 
s sm 
high efficiency of nitrification will be observed. Consequently, 
under steady state conditions one would expect a plant either not to 
nitrify, or, to nitrify with high efficiency depending on whether R 
s 
is shorter or longer than R respectively. This behaviour is well sm 
attested by observation on laboratory scale plants. 
From the discussion above clearly the magnitudes of µ T 
nm 
and bnT affect Rsm; it is of importance, therefore, for practical 
application, to enquire into those factors that influence these 
constants and the nitrification phenomena in general. 
4. FACTORS INFLUENCING NITRIFICATION 
A number of factors affect the nitrification rate 
constants, efficiency of nitrification and the maximum sludge age. 
These are (1) Waste water source, (2) Temperature, (3) pH, (4) Unaerated 
zones, (5) Dissolved oxygen concentration, and (6) Cyclic flow and 
load. 
4.1 Influent Source 
The maximum specific growth rate constant µ T has been nm 
observed to be specific to the source of the waste flow and, even 
then, to vary between different batches fr.om the same source. This 
specificity is so marked that µ T should be classified as a wastewater · nm 
characteristic. The effect appears to be of an inhibitory nature due 
to some substance(s) in the wastewater. It is not toxicity because 
high efficiency of nitrification can be achieved even with a low µ .nm -
value if the sludge age is increased sufficiently. These inhibitory 
substances are more likely to be present in effluents having some 
industrial waste components and in general the higher this fraction 
the lower µnmTtends to be, but the specific waste fractions that cause 
the reduction of µ T have not been clearly delineated. Taking nm 
the µ T value at 20°C as the reference value, µ 20 values have been .nm nm 
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reported ranging from 0,33 to 0,65/d. These two limits will have a 
significant effect on the minimum sludge age: Two plants, having 
these respective µnm20 values, will have Rsm values differing by 
hundred percent. Clearly due to the link between the waste flow and 
µnmT' the latter's value should always be estimated experimentally 
for optimal design. In the absence of such a measurement, a low 
value for µnmT necessarily will need to be selected which, for a 
particular waste flow, should the actual µ be higher, will result nm 
in a non-optimal design. An experimental procedure to determine 
µnm20 is given in Appendix 3. 
With regard to bn20 , this value empirically is taken as 
constant for all waste flows, at bn20 = 0,04/d. Its effect is small 
so that there is no need to enquire closely into all the factors 
affecting it. 
With regard to KnT little information on effects of inhibitory 
agents is available; very likely KnT will increase with inhibition. 
4.2 Temperature 
The µ and K constants are sensitive to temperature with 
nm n 
a high temperature coefficient (see Eq 5.15); semi-empirically bnT 
is taken also to have temperature dependency at the sarr{e rate as that 
for heterotrophs (see Eq 5.16). 
µnmT µnm20 






(1, 024) (T-20) 
(5.16) 
' 
The effect of temperature on µ T is particularly dramatic, for every - nm 
6 degC drop in temperature the µ T value will halve which means .nm 
that the minimum sludge age for nitrification will double. Design 
of plants for nitrification, therefore, should be based on the 
minimum expected process temperature. Note that the temperature 
sensitivity of KnT does not affect the minimum sludge age, but it 
does affect the efficiency of nitrification - the higher the K the . . n 
higher also the effluent arrunonia at R >> R (See Section 4.3). 
S SIU 
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4.3 pH and Alkalinity 
The specific growth rate of the nitrifiers µ is extremely 
n. 
sensitive to the pH of the culture medium. It seems that the 
. . . * . + . -
activities of both the hydrogen and hydroxyl ions, (H ) and (OH ) 
act inhibitorily when their respective concerttrations increase unduly. 
This happens when the pH increases above 8,5 [increasing (OH-)] 
or decreases below 7 [increasing (H+)]; optimal nitrification rates 
are expected for 7 < pH < 8,5 with sharp declines outside this range. 
From Eq 5.4, µ is a function of both µ and K . From 
n . ~ n 
an analysis of Eq (5.13) it was shown, earlier that the minimum sludge 
age is dominated by the magnitude of µ~T; ·it is only very weakly 
influenced by KnT' At R >> R. however, the effluent ammonia s sm 
concentration (N ), although low, is relatively speaking, significantly a 
higher for larger KnT values: For example if KnT increases by a factor 
of two, the effluent annnonia concentration will increase correspondingly 
by the same factor (see Eq 5.13). Consequently the value of KnT is 
significant in so far as it controls the effluent annnonia concentration 
at R >> R 
s sm 
With regard to experimental estimates of µnrnT and KnT' a 
great amount of research has gone into tracing the effect pH has on 
µnrnT' These investigations generally have not separated out the 
effects of µnmT and KnT so that most data are in effect lumped parameter 
estimates of µ T' Almost no information is available on the effect 
nm 
of pH on KnT' The effect of pH on KnT can be surmised from data 
obtained in a laboratory scale completely mixed reactor aerobic 
activated sludge investigation on a waste flow from Somerset West 
in the Cape Province. The plant was operated at 20°C over a range of 
sludge ages from 2 to 30 days. The response of the plant in terms 
of pH, filtered effluent TKN and nitrate plus nitrite is shown in 
Fig 5.3. Concomitant with nitrification the pH declined, stabilizing at 
about 4 when the sludge age exceeded 15 days. The TKN stabilized at 
* Equivalent to concentration. 
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Fig 5.3 Relationship between TKN and nitrate concentrations 
and pH with sludge age in an acti1"Jated plant treating 
weakly buffered influent sewage from the Strand-
Somerset West area, Cape. 
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10 mgN/£. Up to 10 days sludge age, the pH and nitrate concentration 
fluctuated in a see-saw fashion. The fact that stable nitrification 
was achieved only at 10 days sludge age when the pH was low, indicated 
that µ T had decreased to a concomitantly low value. The fact that nm 
the effluent TKN (.~ ammonia) sfabilized at the high value of 10 mg/£ 
indicated that KnT had increased. On controlling the pH at 7,0 
nitrification commenced at about 3 days sludge age and the effluent 
TKN (~ ammonia) stabilized at about 4 mg/£ for R > 3 days. Evidently 
s 
the pH and µ T reacted interactively so that the minimum sludge age 
nm 
would fluctuate with the pH and achieve stability only at the long 
sludge age of 10 to 15 days. Evidently also the KnT value is 
increased at low pH values. Due to the lack of information it is 
difficult to model quantitatively the effect of pH on µ T and K T. nm n 
The following analysis, based on various data sources and empirical 
assumptions on the behaviour, demonstrates the general expected trends 
even though the predicted values cannot be taken as quantitatively 
correct. Accepting thatµ remains constant for 7,2 <pH< 8,5 and , nm 
decreases as the pH decreases below 7,2 (Downing et al. 1964, 
Loveless and Painter, 1968) this behaviour can be modelled as follows: 
For 7,2 <pH< 8,5, 
µnmpH (5.17a) 
For 5 <pH< 7,2, 
n-- (pH-7,2) µ - µ '¥ nmpH - nm7,2 ns (5.17b) 
where 
¢ - pH sensitivity coefficient 
ns 
- 2,35. 
In Fig 5.4 the predictions, using Eq (5.17) are compared with 
experimental data onµ collected by Malan and Gguws (1966). nm 
This 
comparison is illustrative only as it is not clear from the data of 
Malan and Gouws whether the effect of pH on K was taken into account when 
n 
calculating µ H. nmp 
5.14 
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Fig 5.4 Relationship between maximwn specific growth rate 
for nitrosomonas, µnm, and mixed liquor pH. 
Experimental data after Malan and Gouws (1966) 
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Changes in the value of K with pH are not at all documented 
n 
in the literature. The best that can be done is to accept a 
dependency on pH and check the predictions against anrrnonia effluent 
concentrations reported at the different pH values. 
the following equations are suggested, 
For 7,2 <pH< 8,5 
K = K 
npH n7,2 
For 5 <pH< 7,2 
K npH 
where 
K ¢ (7,2-pH) 
n7,2 ns 
¢ = pH sensitivity coefficient ns 
- 2,35. 
On this basis 
(5. 18a) 
(5.18b) 
The overall effect of pH and temperature on µn can be modelled by 
substituting Eqs (5.15, 5.17 and 5.18) into Eq (5.4) i.e. 
µnTpH = µn at temperature T°C and pH equal to pH. 
(2 35)(pH - 7 , 2)(1 123)(T-20). N µnm20 ' ' a = ~~~~~---,,_.--~~~-,--~~~-,....~--.~~ 
(K (2 35) (7' 2 - pH) (1 123) (T-:-20) + N ) 
n20 ' ' a 
where 
µnTpH = specific growth rate at temperature T and pH = pH 
µnm = maximum specific growth rate at temperature 
20°C and pH= 7,2 





Although Eq (5.19) is qualitative in prediction only, it serves an 
important function in illustrating the adversE~ effects that 
temperature and pH can have on µ : A plot of µ T H shown in Fig 5.5 
n n p 
for selected values of pH and temperature accepting µ = 
nm20(7,2) 
0,33/d and Kn20(7, 2) = 1,00 mgN/.e. Clearly low pH and low tempera-
ture can have significant effects on design. 
In design the temperature effects have to be accepted as 
restrictions imposed by the environment. With regard to the effects 
of low pH, these may, or may not, occur depending on the Alkalinity 
of the influent. Low influent Alkalinity is likely to give rise to 
low pH in the purely aerobic activated sludge process. However it is 
possible to limit, or completely obviate, pH reduction by operating 
the plant as an anoxic-aerobic process. 
follows: 
The reasons for this are as 
From the overall stoichiometric equations for nitrification (Eqs la 
and lb), nitrification releases 
* Alkalinity of the mixed liquor. 
nitrified 7,14 mg Alkalinity (as 
hydrogen ions which in turn decreases 
For every 1 mg (NH:-N) that is 
Caco3) is destroyed. Based on 
equilibrium chemistry of the carbonate system (Loewenthal and Marais 
1977), equations linking the pH with Alkalinity for any partial 
pressure of carbon dioxide have been developed by van Haandel and 
Marais (1981). These relationships are shown plotted in Fig 5.6. 
When the Alkalinity falls below about 40 mg/.e as Caco3 then, 
irrespective of the partial pressure of carbon dioxide, the pH becomes 
unstable and tends to decrease to low values. Generally, if 
nitrification causes the Alkalinity to drop below about 40 mg/.e 
(as Caco
3
) problems associated with low pH very likely will arise in 
the plant, such as poor nitrification efficiency, tendency for 
developing bulking sludges, corrosive effluent, etc. 
For any particular waste water the possible effect of pH 
can be readily assessed, as follows: Take the example of an influent 
having an Alkalinity of 200 mg/.e as CaC03; expected production of 
* Alkalinity signifies the Total Alkalinity obtained by titrating the 




Fig 5.5 Diagrammatic representation of Eq (5.ISJ - reiationship 
describing the specific growth rate of Nitrosomonas for 
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Fig 5. 6 Mixed liquor pH versus alkalinity for different 
concentrations of carbon dioxide. 
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nitrate is 24 mgN/£. 
be (200 - 7,14.24) = 
The expected Alkalinity in the effluent will 
29 mg/£ as Caco3 . From Fig 5.6, such an 
effluent is likely to have a pH< 7,0. 
Waste waters having low Alkalinity are often encountered 
where the municipal supply is drawn from areas underlain with 
sandstone. 
The abovementioned problems are to be expected in aerobic 
nitrifying plants treating municipal effluents of towns located in 
the coastal areas of South Africa, from Cape Town to, and including, 
Natal. The effluent from Somerset West mentioned earlier (see Fig 5.3) 
is a typical example. The only practical approach to treating such 
effluents is to create an anoxic zone in the process to denitrify some 
or all of the nitrate generated. In contrast to nitrification, 
denitrification takes up hydrogen ions which is equivalent to 
generating Alkalinity. By considering nitrate as electron acceptor, 
it can be shown that for every mg (N03-N) denitrified, there is an 
increase of 3,57 mg Alkalinity as Caco
3
. Hence incorporating 
denitrification in a nitrification process causes the net loss of 
Alkalinity to be reduced usually sufficiently to maintain the Alkalinity 
* above 40 mg/£ and consequently the pH above 7. 
In the example above, where the Alkalinity in the process is 
expected to decline to 29 mg/£ as CaC03, if 25% of the nitrate could be 
denitrified the gain in Alkalinity would be (0,25.29.3,57) = 26 mg/£ as 
Caco3 and will result in an Alkalinity of (29 + 26) = 55 mg/£ as Caco3 
in the process. In this event the pH should remain above 7. For low 
Alkalinity wastewaters it is imperative, therefore, that denitrification 
be built into nitrifying plants. 
Incorporation of unaerated zones in the process influences 
the sludge age of the process at which nitrification takes place so 
that cognizance must be taken of the effect of an anoxic or unaerated 
zone in establishing the sludge age of a nitrifying-denitrifying plant. 
•/< 
Quantitative estimation of the denitrification that can be achieved 
in an anoxic-aerobic process is considered in Chapter 6. 
5.20 
4.4 Unaerated Zones 
The effect of unaerated zones on nitrification can b~ 
readily formulated if the following assumptions are made: 
(1) Nitrifiers, being obligate aerobes, can grow only in the 
aerobic zones of a process 
(2) Endogenous mass loss of the nitrifiers occurs under both 
aerobic and unaerated conditions 
(3) The concentration of nitrifiers in the unaerated and aerated 
zones is essentially equal. 
With these assumptions, Ekarna, van Haandel and! Marais (1979) showed 
that if a fraction fxt of the total sludge is unaerated, i.e. 
(1-f ) is aerated, the effluent ammonia is given by xt 
N 
a 
K T (b T + l/R ) n n s 
Equation (5.20) is identical in structure to Eq (5.13), if one 
(5.20) 
views the effect of the unaerated mass (fxt) as reducing the value 
ofµ T toµ T (1-f t). nm nm x 
Following the same reasoning as that preceding Eq (5.14) 
one can show that the minimum sludge age for nitrification R in a 
SID 




1-! T (l~fxt) - bnT nm 
(5.21) 
Alternatively, if R is specified the minimum aerobic sludge mass fraction 
s 
(1-f ) that must be present for nitrification is found by 
xrn 
substituting R for R and f for f in Eq (5.21) and solving for (1-f ) s srn xm xt xrn 
(1-f ) xrn (b T + l/R)/µ T n s nm 
(5.22) 
or equivalently the maximum allowable unaerated sludge mass fraction 
is given by solving for f in Eq 5.22, 
xm 
f 
xm 1 - (b T + l/R )/µ T n s nm 
5.21 
(5.23) * 
For a f ixeJ sludge 
aerobic sludge mass fraction 
higher than that given by Eq 
age, R , the design value for the minimum 
s 
(1-f ) always should be significantly xm 
(5.22), because nitrification becomes 
unstable when the aerated sludge mass fraction decreases to near 
the minimum value as given by Eq (5.22). Consequently to ensure 
efficient nitrification (>90%) the minimwn aerobic sludge mass fraction 
(1-f )·must be increased by a factor of safety, Sf to give the minimwn xm 
design aerobic sludge mass fraction; from Eq (5.22), 
(1-f ) 
xm (5.24a) 
and the corresponding maximwn design unaerated sludge mass. fraction, 
from Eq (5.23) is 
f xm (5.24b) 
With the aid of the temperature dependency equations for 
nitrification (Eqs 5.15 and 5.16), a diagrammatic representation of 
Eq (5.24) is given in Fig 5.7 for Sf= 1,25 µnm20 = 0,65 and 0,33/d 
at 14°C and 20°C. The two µnm 20 values are the approximate extremes 
of the range of µnmZO values reported in the literature. The 
diagram shows that f is very sensitive to the maximum specific 
xm 
7, 
The usual approach for determining fxm is based on the concept of 
"aerobic sludge age" i.e. equating the minimum sludge age for nitri-
fication Rsm to the aerobic sludge age of the process Rsa· This 
leads to ~xm = 1-1/{RsCµnmT-bnT) }. This equation overestimates the 
maximum unaerated sludge mass fxm at a particular sludge age because 
the approach ignores the endogenous mass loss of the nitrifiers in 
the unaerated zones. If the endogenous mass loss can be ignored in 
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growth rate of the nitrifiers (µ ): unless a sufficiently large nmT 
aerobic sludge mass fraction is provided (i.e. 1-f , see right hand 
xm 
of Fig 5.7), n{trification will not take place and consequently 
nitrogen removal by denitrification is not possible. 
If one fixed minimum design aerobic sludge mass fraction, 
the sludge age can be determined by solving for (1-f ) Eq (5.24a). 
xm 
Knowing R the value.of the effluent arrnnonia concentration (N) can be 
s a 
determined from Eq (5.20). By doing a number of solutions of this kind, 
at 14°C, it will become apparent that if Sf 1s selected at 1,25 or 
greater the effluent quality will have stability and range from 2 to 
4 mg (NH
3
-N)/£ depending on the other constants in the formulations. 
Accepting the sludge age as determined at 14°C, then at 20°C the value 
of Sf will be found to have increased significantly and the effluent 
arrnnonia to have .decreased to 2 mg/£ or less. Consequently, for 
design the lower expected temperature should be selected to determine 
the sludge age and the aerobic mass fraction. If this is done, 
using Sf = 1,25, one can accept an effluent arrnnonia value of 2~4 mgN/£ 
at the lowest temperature and 1-3 mgN/£ at 20°C, that is, Eq (5.20) 
1s bypassed ~y the approximation above, provided R at least equals 
s 
1,25 R . sm This approximation is sufficient for design and will be 
the approach followed in the design example. 
4.4.1 Maximum allowable unaerated mass fraction 
The equations above allowed the maximum design unaerated 
sludge mass fraction to be determined for any selected sludge age 
Eq (5.24b). If one accepts Sf = 1,25 then f or (1-f ) can be xm xm 
5.24 
plotted versus R for any selected µ T. This is illustrated in Fig 
s nm 
5.7 where the design (f ) and (1-f ) values are plotted versus R 
xm xm s 
for 20°C and 14°C for two selected µnm20 reference values of 0,65 and 
0, 33 (bn20 was fixed at 0,04/d). Evidently from Fig .5. 7, for µnm20 
= 0,65 the unaerated mass fraction at 14°C can beapproximateZy 0,8 
at sludge age of 30 days. Such a high unaerated mass fraction is the 
indicated one theoretically at R 10 days or longer at 20°C. One s 
may now ask: Is this mass fraction acceptable for design or are 
other constraints present that may limit the fraction to lower values? 
To answer this, two aspects appear to be pertinent: 
(1) Experience with laboratory scale nitrification denitrification 
plants tends to support the opinion that at high unaerated mass 
fractions, the process is prone to bulking particularly at low 
temperatures. Processes at unaerated mass fractions of 0,5 or 
less show much less tendency in this regard. 
(2) An upper limit to the unaerated mass fraction is evident from 
experimental work on the Ludzack-Ettinger process, and theoretical 
predictions using the general activated sludge model. 
Experimentally at 20°C with R = 20 days, if f > 0,70, the mass 
s xm 
of sludge generated is found to increase sharply. This observa-
tion is indicated also by theoretical simulation. Theoretically, 
this happens for f > 0,60 at T = 14°C and R = 20 days. The 
xm· s 
reason is that for such high f ~ , the exposure of the sludge to aerobic xm . 
conditions becomes insufficient to utilize the adsorbed and en-
meshed particulate material. This leads to a decrease in active 
mass and oxygen demand and a build-up of enmeshed material, which 
causes a progressive decline in process activity because of the 
decline in active mass. When this happens, the process still 
functions in that the COD is removed from the wastewater, but the 
degradation of the COD is reduced; the process begins to assume the 
role of a contact reactor of a contact-stabilization process, i.e. 
a bio-flocculator with minimal degradation. This critical state 
occurs at lower f as the temperature is decreased and the sludge 
xm 
age is reduced (Arkley and Marais, 1982). 
5.25 
From the discussion above it would appear ·that the unaerated mass 
fraction should not be allowed to increase above a certain upper limit, 
of about 50% but certainly not above 60%, as indicated in Fig 5.7. 
In design of N and P removal plants the unaerated sludge 
mass fraction fxm usually needs to be high i.e. ~40%. If the µnm20 
value is low i.e. <0,40/d (which will be the usual case in design 
where insufficient information on the µnm 20 is available) the 
necessary high f magnitudes will be obtained only at long sludge xm 
ages (see Fig 5.7). For example, if µnm20 = 0,35/d, then with Sf 
= 1,3 at T . = 14°C, for an f 0,45 (Eq 5.24b) gives a sludge min xm 
age of 25 days and for f = 0,55 a sludge age of 37 days. Long xm 
sludge ages require large process volumes - increasing R from 25 to 37 
s 
days increases the process volume by 40% (see Fig 4.3) .whereas f 
xm 
increased only 22%. Also, for the same P content in the sludge mass~ 
the P removal is reduced as the sludge age increases because the mass 
of sludge wasted daily decreases as the sludge age increases (see 
Fig 4.4). Consequently, for lowµ values, the increase in N and nm20 
P removal that can be obtained by increasing the unaerated sludge mass 
fraction above 0,50 to 0,60 might not be economical due to the large 
process volumes this will require, and might even be counter productive 
insofar as it affects P removal. A sludge age of 35 days probably 
is near the limit of economic practicality which, for low µnml 4 = 0,16 
values will limit the unaerated mass fraction to about 0,5. At 
higher µnm
14 
values, the sludge ages allowing 50 percent unaerated 
mass fractions decrease significantly again indicating the advantages 
of determining experimentally the value of µnm20 to check whether a 
higher value is acceptable. 
4.5 Dissolved oxygen concentration 
High dissolved oxygen concentrations, up to 33 mg/P., do not 
appear to affect nitrification rates significantly. Low oxygen 
concentrations however do reduce the nitrification rate. Stenstrom 
and Poduska (1980) have suggested formulating this effect as follows: 
11no = 11nmo 
0 





0 oxygen concentration in bulk liquid (mg/ .e) 
K half saturation constant (mgO/ £) 
0 
)Jnmo maximum specific growth rate (/d) 
µno specific growth rate at DO mg/£ oxygen. 
The value attributed to K has ranged from 0,3 to 2 mgO/£, i.e. at 
0 
DO values below K the growth rate will decline to less than half the 
0 
rate where oxygen is present in adequate concentrations. 
The wide range of K probably has arisen because the concen-
o 
tration of DO in the bulk liquid is not necessarily the same as inside 
the biological floe where the oxygen consumption takes place. Con-
sequently the value will depend on the size of floe, mixing intensity 
and oxygen diffusion rate into the floe. Furthermore in a fullscale 
reactor the DO will vary over the reactor volume due to the discrete 
points of oxygen input (with mechanical aeration) and the impossibility 
of achieving instantaneous and complete mixing. For these reasons 
it is not really possible to establish a generally applicable minimum 
oxygen value - each reactor will have a value specific to the 
conditions prevailing in it. In nitrifying reactors with bubble 
aeration a popular DO lower limit, to ensure unimpeded nitrification, 
is 2 mgO/.e at the surface of the liquid. 
Und~r cyclic flow and load conditions the difficulties of 
ensuring an oxygen supply matching the oxygen demand and a lower limit 
for the DO have been discussed previously (see Chapter 4, Section 11.3), 
Equ~lization of the load probably presents the best practical means to facil 
control of the oxygen level in the reactor. In the absence of equaliza-
tion, mitigation of the adverse effects of low oxygen concentration 
during peak oxygen demand periods is by having sludge ages significantly 
longer than the minimum necessary for nitrification. 
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4.6 Cyclic Flow andL9ac;l 
It is well attested experimentally that under cyclic flow 
and load conditions the nitrification efficiency of an activated 
sludge.process decreases compared to that under steady state conditions. 
This behaviour is also apparent in simulation studies using the 
', 
general activated sludge model. From the simulation studies, 
during the high flow and/or load period, even though the nitrifiers 
are operating at their maximum rate, it is not possible to oxidize 
all the ammonia available, and an increased ammonia concentration is 
discharged in the effluent. This in turn reduces the mass of 
nitrifiers formed in the process - equivalently the effect. of cyclicity 
in flow and load is to reduce the aerobic sludge age. The adverse 
effect of the cyclicity becomes more marked as the fractional 
amplitude of the flow and load cycles increase, and, is ameliorated 
as the aerobic sludge age increases. Simulation studies of the cyclic 
effect have indicated that an approximate relationship can be 
established between the effluent ammonia concentration urider steady 
state and that under cyclic conditions (see van Haandel and Marais 
1981). However if the factor of safety on nitrification, Sf, is 
1,25 or greater the cyclic effect is relatively small and for design 
usually can be neglected. 
At the risk of being tedious, it should again be pointed 
out that if the value of µ is selected higher than the actual value, nm 
even with a sludge of 1,25 to 1,35 times the theoretical minimum, the 
plant is likely to give rise to a fluctuating nitrate effluent with 
reduced mean efficiency in nitrification. Hence a conservative 
estimate of µ is essential for a safe design. nm 
Under cyclic flow and load conditions, it is necessary to 
know the value of both the specific yield coefficient of the Nitrosomonas, 
Y , the maximum specific growth rate constant µ T and the half n nm 
saturation constant, K ; in contrast, only µ T and K are necessary n nm n 
in steady state calculations. The values of these constants have been 
determined by a variety of methods but the constants have a conjoined 
effect that may cause that in a particular method of evaluation leads 
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to different sets of values. For practical purposes it is not 
possible to obtain a complete set of values so that one approach is 
to accept the.value of one constant and in any particular experi-
mental evaluation determine the other constants from the experimental 
data using this value. The estimates for Y and K accepted in this 
n n 
monograph are listed in Table 5.1; experimental µnm determination, 
therefore, is relative to the value of Y and K listed. n n 
5. DESIGN CONSIDERATIONS 
5.1 Fate of the Influent TKN 
The various fractions of the influent TKN have been 
described in Chapter 2. Of these the following are of importanc~ 
to our discussion; (1) free and saline ammonia concentration (N .), ai 
(2) biodegradable organic nitrogen (N .) and the soluble unbiodegradable oi 
organic nitrogen (N .). ui 
The bioldegradable organic nitrogen is decomposed in the 
process by heterotrophic action to free and saline ammonia. Further-
more, on death of the organisms, by endogenous mass loss, the nitrogen 
released is in the organic bound form and the biodegradable fraction 
also is broken down to free and saline ammonia. These two sources of 




Eq No. at 20°C Coefficient 
Specific yield y o, 10 1,000 -coefficient n 
Endogenous 
b 0,04 1,029 5.16 respiration rate n 
Half saturation '~ K 1,00 1,123 5.15b 
coefficient n 
* Note that Kn increases with increase in temperature. 
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free and saline ammom.a together, with that in the influent are utilized 
by the organism mass first for the formation of new organisms and the 
balance for generation of nitrate, if the conditions are favourable. 
The 'exact' formulations describing the interactions between 
the free and saline ammonia and the organic bound nitrogen are complex 
and can be developed effectively (at present) only in terms of the 
* growth-death-regeneration model of Dold, Ekama and Marais (1981). 
However under steady state conditions the kinetics simplify and the 
formulations reduce to describing net effects. These can be developed 
readily in terms of the synthesis - endogenous respiration approach 
already used to develop the steady state equations for carbonaceous 
material degradation, in Chapter 4. For design there is even a further 
simplification possible: In nitrification systems if, for example, 
the constraints are put on the system that the minimum design sludge 
age must be at least 1,25 to 1,35 times the theoretical minimum to 
initiate nitrification, and, that the pH remains above 7, some of the 
steady state kinetic equations predict effluent concentrations that 
fall within a narrow band of values, sufficiently narrow that one can 
** accept the effluent parameter virtually as constant. Below we shall 
set down some of these steady state equations of importance in 
developing design procedures, indicate simple approximation adequate 
for design and derive some general response graphs. 
In the design of those aspects of a process effecting 
nitrification, basically the following information is needed, (1) 
effluent TKN concentration, and (2) effluent nitrate concentration. 
5.1.1 Effluent TKN 
The effluent TKN will consist of free and saline ammonia (N ), a 
biodegradable soluble TKN (N ), unbiodegradable soluble TKN (N) and 
0 u 
TKN in the effluent volatile solids. Equations for the fractions 
· are set out below: 
* A more elaborate discussion is available by van Haandel and Marais 
(1981). 
1,,., 
The same approach also applied in the design equations for carbon-
aceous material degradation that, provided Rs > 3 days usually one 
can accept the filtered biodegradable COD in the influent as zero (see 
Chapter 4, Section 3.4). 
(1) Free and saline ammonia (N ): --------------------------a 




K T (b T + l/R ) n n s 
µnmT (1-f ) - (b + l/R ) xt nT s 
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(5.20) 
Note that N is independent of the influent arrnnonia concentration. 
a 
Note also that the equation applies only if the sludge age R > R , 
. s sm 
however this condition always should be satisfied in design. 
The biodegradable organic nitrogen is broken down to free and 
saline ammonia by heterotrophic organisms. Although a complex 
reaction, involving a feedback of this nitrogen form from death 
of the organisms, the prediction simulated by the general ~odel 
indicated that the following equation, in terms of the influent 






1 + K X R. r a ·hn 
(5.26) 
N . influent biodegradable organic nitrpgen mg(TKN-N)/£. 
OJ. 
Its value is given by Eq (2.14). 
K kinetic constant for degradation of N . Its value r o 
and temperature dependency is given in Table 5.3 below. 
X active mass concentration in aerobic reactor. 
a 




N . ui (5.27) 
N . = soluble unbiodegradable organic nitrogen, mg(TKN-N)/£. ui 
Its value is given by Eq (2.12). 
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All these effluent fractipns. are solubJe.; . cm;isequently the total 
soluble TKN in the effluent (Nt) is given by the sum of these, i.e. 





The experimental value of Nt will be given by the TKN of the filtered 
effluent sample. If the sample is not filtered the theoretical TKN 
of the effluent will be greater by the concentration of TKN in the 




N + N + N + f .X f a o u n v (unfiltered Nt) (5.28b) 
Xvf = effluent volatile solid concentration (mgVSS/£) 
f fraction of TKN in VSS ~ 0,1 mg(TKN-N)/mgVSS. 
n 
5.3 Nitrification Capacity 
The concentration of nitrate generated in the system (N ) 
c 
is given by the TKN in the influent (Nti) less the soluble TKN in 
effluent (Nt) less the concentration of total influent TKN incorporated 
in the net sludge generated each day (N ) i.e. 
s 
N = N . - N - N c ti t s 
* (5.29) 
The value of N is determined from the mass of nitrogen incorporated 
s 
in the volatile solids per day. It is given by 






(see Chapter 4, Section 9). 
f times the mass of 
n 
by the mean daily 
This equation presumes that no nitrate is present in the influent 
and this is true, virtually always, for municipal flows. 
ff 
where 
M(X) is given by Eq (4.13). 
v 
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Note that M(X ) does not include the volatile mass of nitrif iers as 
v 
the masses of these, we have stated previously, are negligible. 
In Eq (5.29), N defines the nitrification capacity of 
c 
the process. A formal definition of nitrification capacity (Nc) 
is the mass of nitrate produced per unit volume of flow, i.e. 
mg(N03-N)/£ of flow. 
Equation (5.29) shows that the nitrification capacity (N ) 
c 
is the difference between the influent TKN concentration (N .) and the ti 
sum of the effluent TKN concentration (Nt) and the nitrogen required 
for s'Iudge production (Ns). The effluent TKN concentration (Nt) 
depends on the efficiency of nitrification. In calculations, with 
maximum unaerated sludge mass fraction (f ), (for a selected sludge 
xrn 
age), if the factor of safety (Sf) is selected greater than 1,25 to 
1,35 at the lowest expected temperature (Tmin)' the efficiency of 
nitrification always will be high (>90%) and Nt generally will be 
less than 3 to 4 mgN/£. Also, with Sf ~ 1,25 at T . , Nt will be min 
virtually independent of both the process configuration and the 
subdivision of the sludge mass into aerated and unaerated fractions. 
Consequently, for design Nt usually need no~ be calculated explicitly 
from Eqs (5.20, 5.26 to 5.28), but can be taken to be approximately 
3 to 4 mgN/R provided that there is reasonable assurance that the 
actual µnm
2
0 value will not be less than the value accepted for 
design and that there is sufficient aeration capacity so that 
nitrification is not inhibited by an insufficient oxygen supply. 
Accepting the calcu.lated fxm and selected sludge age (Rs) at the lower 
temperature, then at higher temperatures the nitrification efficiency 
and the factor of safety (Sf) both will increase so that at sullIDler 
temperatures (T ), Nt will be lower, approximately 2 mgN/£. max 
Dividing Eq (5.29) by the total influent COD concentration 
(S .) yields the nitrification capacity per mgCOD applied to the 
ti 
biological process, N /St., c i 
/ 
N /S . 
c ti 
where 
N /S . c ti 
N ./S . 
ti ti 
N /S . 
s ti 
,',,·, -; '• .; .. 
Nt./St. - N /St. - Nt./.St. ii s i··,···.i 
nitrification capacity per mgCOD applied to the 
process (mgN/mgCOD) 
TKN/COD ratio of the wastewater 
nitrogen required for sludge production per mgCOD 
applied (see Eq 4.23). 
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(5.30) 
In Eq (5.30) the nitrification capacity/COD ratio (N /S .) of a process 
c ti 
can be estimated approximately by evaluating each of the terms in 
the RHS of the equation as follows: 
N /S . 
t ti 
N /S . 
s ti 
Provided the constraint for efficient nitrification is 
satisfied at the lowest temperature (T 
min 
) the TKN in 
the effluent (Nt) can be assumed at T min 
to be about 
4 mgN/£ i.e. Nt/Sti will range from 0,005 to 0,01 for s . ti 
ranging from 800 to 400 respectively. At T , N ~ 2 mgN/£. max t 
This ratio gives the TKN concentration in the influent 
abstracted for sludge production. Its value. will depend 
on whether settled or raw waste water is being treated, 
and the sludge age. The ratio, N /S ., for this purpose s ti 
can be read from Fig 4.5, or calculated from Eq (4.23). 
This value is obtained by measurement of the TKN and COD 
of the influent and can range from 0,07 for unsettled 
municipal waste flows to 0,12 for settled flows. 
A graphical exposition of the relative importance of these 
three ratios on N /St. is obtained by plotting N /St. versus sludge c i c i 
age for selected influent TKN/COD (N ./St.) ratios ranging from 0,07 ti i 
to 0,09 for raw waste water and 0,09 to 0,11 for settled waste water. 
The N /S . values were found from Fig 4.5 (or Eq 4.23) and the N /S . 
c ti t ti 
values selected constant at 0,007 (this is for Sti of approximately 
600 mgCOD/£). The plots for 14°C and 20°C are shown in Figs (5.Sa 
and 5.Sb) respectively. Also shown plotted on the diagrams are the 
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minimum sludge ages for unaerated mass fractions of 0,0, 0,2, 0,4 and 
0,5, at a selected µnmZO value of 0,4. For any particular unaerated 
mass fraction the plotted values of N /S . are valid only at sludge c ti 
ages greater than the corresponding minimum sludge age. These plots 
allow one to assess the effects of the three ratios and temperature 
versus sludge age. 
Considering the effects of temperature, to obtain complete 
nitrification at 14°C (for a selected f ), the sludge age required 
xm 
is more than double that at 20°C. The corresponding nitrification 
capacities per influent COD at 14°C show a marginal reduction to those 
at 20°C (because the sludge production at 14°C is slightly higher than 
at 20°C). 
Considering the effect of sludge age for a selected Nti/Sti 
value, the N /S . increases as the sludge age increases because the 
c ti 
nitrogen needed for sludge production decreases with sludge age and 
thus becomes available for nitrification. 
marginal for R > 10 days. 
s 
However the increase is 
Considering the influent TKN/COD ratio (N ./S .) evidently 
ti ti 
for both settled and unsettled waste water, at any selected sludge age, 
N /S . is very sensitive to the N ./S . value; an increase of 0,1 c ti ti ti 
in N ./St. causes an increase of about O,l in N /St. (0,1 mgN/mgCOD). ti i c i 
For the same N ./S . ratio for raw or settled waste water [compare ti ti 
TKN/COD ratio of 0,09 in Figs (5.Sa and b)], N /S . for unsettled is 
c ti 
less than for settled waste water because more volatile solids are 
produced per unit COD load from unsettled than by settled waste water; 
however leaving aside this point of difference, the increase in 
nitrate produced per influent COD will, when the influent TKN/COD ratio 
increases, increase the difficulties, or, make it impossible, to obtain 
complete denitrification. This will become clear when denitrification 
is considered in Chapter 6. As primary settling increases the 
influent TKN/COD ratio, difficulties in obtaining adequate denitrifica-
tion are always greater with settled than unsettled waste water; 
however, because primary settling removes COD, then for the same 
flow, the mass of volatile solids and the oxygen demand in the 
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Fig 5.8 Nitrification capacity per mg COD applied versus sludge age 
for different influent TKN/COD ratios at 14°C (Fig 5.Ba) and 
20°C(5.8b). Also shown are the minirman sludge ages required 
to obtain complete nitrification at different unaerated 














biological process will be lower for settled than for raw wastewater 
thereby giving rise to savings in plant volume and oxygenation costs. 
6. DESIGN EX.AMPLE 
Design of a nitrification process without denitrification 
will be considered. When denitrification is required constraints 
additional to those imposed by nitrification must be applied and 
these cannot be incorporated in the design until the theory of 
denitrification is dealt with. 
For the purpose of constructive comparison the nitrifying 
activated sludge plant will be designed for the same waste flows and 
characteristics as that accepted for the design of a process for 
carbonaceous material removal (see Chapter 4, Section 12). The 
wastewater characteristics, for raw.ind settled wastewaters are 
listed in Table 4.3 and the additional characteristics needed for 
nitrification are listed in Table 5.2. 
6.1 Effect of Nitrification on Mixed Liquor pH 
An important initial consideration is the possible effect 
of mixed liquor pH on the µnm20 value. In Section 4.3 above it was 
stated that nitrification consumes alkaiinity - 7,14 mg/£ as CaC03 
for every 1 mgN/£ ammonia converted to nitrate - and if there is 
insufficient alkalinity in the influent, the mixed liquor pH is 
depressed below 7,0 causing a reduction in the µnmZO value (see Eq 5.17). 
The influent TKN/COD ratio of the raw wastewater is 0,08 mgN/mgCO-
(see Tables 4.3 and 5.2). With a relatively low µnm20 value of 
0,36/d, the ~ludge age needs to be 10 days or longer to ensure 
nitrification (Sf = 1,3) at a minimum temperature of 14°C in a 
purely aerobic process (f = 0,0) (see Eq 5.24). xm At this sludge 
age the nitrification capacity is about 0,05 mgN/mgCOD for a TKN/COD 
ratio of 0,08 mgN/mgCOD, (see Fig 5.8a). Hence the nitrate concentra-
tion produced (per £ influent) should be about = 0,05.600 = 30 mgN/£. 
This will cause an alkalinity reduction of 7,14.30 = 214 mg/£ as CaC0
3
• 
Because the influent alkalinity is only 200 mg/£ as CaC03 , the mixed 
liquor alkalinity will drop below 40 mg/£ as CaC03 causing the mixed 
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Table 5.2 Raw and settled wastewater characteristics for 
nitrification (see also Tables 4.3 and 6.1 ) 
Symbol 
Value· Units Parameter 
Raw Settled 
Influent TKN concentration N . tl 
48 41 mg N/ £ 
Influent TKN/COD ratio 0,080 o, 114 mg N/mg COD -
Ammonia fraction of TKN f na 
o, 75* 0,83* mg N/mg N 
Unbio. soluble organic N I f nu 0,03* 0,04* mg N/mg N 
Nitrogen content of volatile\ f o, 10 0,10 mg N/mg VSS 
solids in influent 
n 
pH of wastewater - 7,5 7,5 -
Total alkalinity alk 200 200 mg/£ as CaC03 
Maximum specific growth rate µnm20 0,36 0,36 
/d. 
of nitrifiers 
Influent flow Q 13,3 13,3 M.€/d 
liquor pH value to drop bel.ow 7 (see Fig 5. 6). The low mixed liquor 
pH value will cause unstable and incomplete nitrification (see Section 
4.3 above) and produce an aggressive water (which over a few years 
can cause considerable damage to the concrete surfaces of the treat-
ment works) and can be the cause of bulking sludges and high solids 
content in the settling tank effluent due to denitrification action 
in. the secondary settling tank. 
The simple approximate calculation above, therefore, can 
make the designer aware, at an early stage, of possible adverse 
consequences to be expected from a proposed design. In the instance 
* See Chapter 3, Section .8. Note that settled wastewater character-
istics must be selected so that they are consistent with primary 
sedimentation tank behaviour and the raw wastewater characte~istics. 
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above the designer should give consideration to a nitrification-
denitrification process, to recover some of the alkalinity loss due 
to nitrification, thereby to maintain the pH,, reduce the possibility 
of bulking and eliminate (usually) rising sludge problems in the 
settling tank. (See Chapter 6, Section 1. 4). In general a high 
TKN/COD ratio coupled with low alkalinity in the influent are 
reliable indicators warning of problems to be expected in aerobic 
nitrifying processes. 
6.2 Minimum Sludge Age for Nitrification 
For the purposes of demonstrating nitrification under 
purely aerobic conditions, it will be accepted that the influent 
Alkalinity is sufficiently high to maintain an effluent Alkalinity 
above 40 mg/£ as CaC03 • Hence no adjustment to µnm20 and Kn20 for 
pH need to be made as the pH is assumed to remain above 7,2. The 
adjustment of the kinetic constants of nitrification for temperature 
is given in Table 5.3. 
For a completely aerobic process i.e. f = 0, with µ = xm nm20 
0,36/d and Sf 1,3, the minimum sludge age for nitrification (R ) 
sm 
Table 5.3 Adjustment of kinetic constants of nitrification 
for temperature. 
Constant Symbol 20°C 8 l4°C 22°C Eq.No. 
Max.specific 
µnm20 0,36 1,123 0,,180 0,454 5.15a growth rate 
Saturation 
Kn20 1,0 1,123 0,50 1,26 5.15b coefficient 
Endogenous 
respiration bn20 0,04 1,029 0,034 0,042 5.16 
rate 
Organic N 
conversion K 0,015 1,029 0,013 0,016 5.31 r 
rate 
is found from Eq (5.24) i.e. 
R sm 
3,2 days at 22°C (2,5 days with sf = 0,0) 
= 8,9 days at 14°C (7,5 days with Sf 0,0) 
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Clearly, to ensure nitrification throughout the year for the rela-
tively low µnm20 value of 0,36/d, the sludge age of a purely aerobic 
process should be about 10 to 12 days. 
6.3 Raw Wastewater 
The influent TKN concentration of the raw wastewater is 
48 mgN/£ (see Table 5.2 for wastewater characteristics). Accepting 
* an ammonia fraction of the influent TKN (f ) of 0,75 and an unbio-
na * 
degradable soluble organic nitrogen fraction (f ) of 0,03 for the nu 
raw sewage (from Table 5.2), gives the influent ammonia concentration 
(N .) (from Eq 2.11) as ai 
N . = 0,75.48 = 36 mgN/£ ai 
and the unbiodegradable soluble organic nitrogen concentration (N .), ui 
(from Eq 2.12) as 
N . ui 0,03.48 1,50 mgN/£. 
Accepting the nitrogen content of the volatile solids in the influent 
(f) as 0,10 mgN/mgVSS (see Table 5.2), then (from Eq 2.13) the 
n , 
nitrogen concentration associated with the unbiodegradable particulate 
COD (Npi) is 
* The actual choice of these values makes relatively little difference 
to the final results of the nitrification calculations: in the case 
of the former Cfna), most of the organic nitrogen is converted to 
ammonia in the process and in the case of the latter (fnu), this value 
merely increases the effluent TKN concentration by a fixed value. 




Hence (from Eq 2.14), the biodegradable organic nitrogen concentration 
in the influent which can be converted to ammonia 
N . 
01. 
48 (1 - 0,75 - 0,03) - 5,3 
6.4 Settled Wastewater 
5,3 mgN/£. 
(N .) ls 
01. 
Following the above procedure for settled wastewater, i.e. 
f = 0,83, f = 0,04 (see Table 5.2) yields the following: 
na nu 
N . t 1. 41,0 
41,0 mgN} £ 
N 0,83.41,0 34,0 mgN/£ ai 
N 0,04.41,6 1,50 mgN/£ Ul. 
N 0,10 (0,04.360)/1,48 1, 0 mgN/ £ pl. 
N 41,0 - 34,0 - 1,5 - 1,0 4,5 mgN/£ 01. 
6.5 Nitrification Process Behaviour 
For any sludge age longer than about 2 days the effluent 
biod,egradable organic nitrogen concentration (N ) is given (from Eq 5. 26) oe 
* N oe N ./(1 + K TX Rh ) 01 r a n (mgN/£) 
where from Eq (4.9a), Rh X = M(X )/Q. 
n a a 
N = N ./(1 + K TM(X )/Q) oe oi r a (mgN/£) 
Hence 
(5. 31) 
From Eq (5.27), the unbiodegradable organic nitrogen in the effluent 
IS 
N ue N . Ul. 1,50 mgN/£ for raw and settled wastewater 
*The subscript e used here and later refers to the effluent. 





The nitrogen required for,sludge production ,(Ns) is given by Eq (4.23) 
i.e. 
N 
s s . ti (5.33) 
The influent TKN concentration available for nitrification (N' .) is 
ti 
the difference between the total TKN concentration in the influent 
(N .) and that required for sludge production (N) (from Eq 5.19) ti s 
N'. = N . - N 
ti ti s (S. 34) 
If the sludge age of the proce·ss is longer than the minimum required 
for nitrification (R > R for Sf = 1,25, Eq (5.24a) with f = 0, the s sm xm 
TKN concentration available for nitrification will be partially or almost 
wholly nitrified to nitrate and the effluent nitrate concentration 
(N ) is the difference between the nitrogen available for nitrifica-. 
ne 
tion (N~i' Eq 5.34) and the effluent TKN concentration (Nte). If 
R < R , no nitrification takes place; the efflu~nt nitrate concen-
s sm 
tration (N ) is zero and the effluent ammonia concentration (N ) ne ae 
is equal to the nitrogen available for nitrification (N' ., Eq 5.34) 
ti 
minus the sum of the unbiodegradable and biodegradable TKN concentra-
tions in the effluent (N + N ). For both R < R and R > R ue oe s sm s sm' 
the effluent TKN concentration (N ) is the sum of effluent unbiode-te 
gradable and biodegradable organic nitrogen concentrations {N and · ue 
N respectively) and the effluent ammonia concentration (N ). oe ae 
For R > R 
s sm 
From Eq (5.13), the effluent ammonia concentration is 
given by 
N ae K (b + l/R )/{µ T - (b T + l/R )} nT nT s nm n s 
(5.35a) 
Hence the effluent TKN concentration (Nte) is 
N te 
N + N + N ae oe ue 
(mgN/£) 
and the effluent nitrate concentration (N ) is ne 
N ne N '. - N ti te 
(mgN/£) 




Analogous to the concentration of active heterotrophic organisms 
(see Eq 4.10), the nitrifier organism mass is given by 
M(X ) 
n 
M(N ) Y R /(1 + b TR ) (mgVSS) ne n s n s 
where 
M(N ) 
ne mass of nitrate generated per day 
= Q.N ne 
where N is given by Eq (5.37a). ne 
(5. 38a) 
The oxygen demand for nitrification is simply 4,57 mgO/mgN times 
the mass of nitrate produced per day, i.e. 
M(O ) 
n 
4,57 M(N ) 
ne (mgO/d) (5. 39a) 
R < R : 
s sm 
For R < R , no nitrification takes place. s sm Hence the effluent 
nitrate concentration is zero i.e. 
N = 0,00 (mgN/£) (5.37b) ne 
The effluent ammonia concentration 1. s 
N N'. - N - N (mgN/£) ae t 1. oe ue 
N ti - N - N - N (from Eq 5.34) (5.35b) s oe ue 
The effluent TKN concentration is 
N 
te N + N + N ae ue oe 
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(5.36b) 
The nitrifier sludge mass and the nitrification oxygen demand 
are zero, i.e. 
M(X ) = 0,0 
n 
(mgVSS) (5.38b) 
M(O ) = 0,0 
n 
(mgO/d) (5. 39b) 
Substituting the respective influent nitrogen concentrations 
for raw and settled wastewaters and the values of the kinetic constants 
at 14°C into Eqs (5.31 to 5.39) and plotting the results at different 
sludge ages yields Fig 5.9. In Fig 5.9a, the different concentrations 
of nitrogen in the process versus sludge age for raw and settled 
wastewater at 14°C are shown. In Fig 5.9b the nitrifier sludge mass 
and nitrification oxygen demand for raw and settled wastewater at 14°C 
are shown. Also shown in Fig 5.9b are the carbonaceous and total 
oxygen demands for raw and settled wastewater at 14°C. The calcula-
tions were repeated for 22°C and are shown in Fig 5.lOa and b. 
Figures 5.9 and 5.10 show that once the sludge age is 
approximately 25 percent longer than the minimum required for 
nitrification, nitrification is complete and comparing the results 
for raw and settled wastewater, there is little difference b.etween the 
nitrification oxygen demand and the concentrations of ammonia, nitrate 
and TKN in the effluent. The reasons for this similar behaviour are 
(1) the primary settling tank removes only a small fraction of the 
influent nitrogen*and (2) settled wastewater results in lower sludge 
production, so that the nitrogen available for nitrification in raw 
and settled wastewater are approximately equal. Temperature has 
little effect on the different con~entrations of nitrogen. However, 
* This depends on the state of the sewage; if the sewage is "fresh" 
a larger fraction of the TKN can still be in particulate 
proteinaceous form. 
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a change in temperature causes a significant change in the minimum 
sludge age for nitrification. 
Considering Figs 5.9a and 5.lOa, the effluent organic 
nitrogen concentration (N ) is less than 2'mgN/£ for all sludge 
oe 
ages greater than about 3 days. For sludge ages about 25 percent 
longer than the minimum for nitrification, the effluent ammonia 
concentration (N ) is less than 1 mgN/£ so that for R > 1,25 R ae s sm 
the effluent TKN concentration can be taken to be approximately 4 mgN/£. 
The increase in nitrate concentration (N ) with increase in sludge ne 
age is principally attributable to the reduction in the nitrogen 
required for sludge production (N ). 
s 
This is important for nutrient 
removal plants as it indicates that increasing the sludge age of a 
process, increases the nitrification capacity (see section 5.2 above) 
even though the effluent TKN concentration remains constant at about 
4 mgN/£ (see Fig 5.8). For R < R , the effluent ammonia concen-s sm 
tration (N ) and hence the effluent TKN concentration (N ), increases 
ae te 
with increasing sludge age up to R because N reduces for increases 
sm s 
in R . 
s 
Figures 5.9b and 5.lOb show that the nitrifi~ation oxygen 
demand increases rapidly once R > R but if R > 1,25 R , the 
s sm s sm 
increase is marginal irrespective of the temperature or wastewater 
type, i.e. between sludge ages 10 and 30 days about 2000 kgO/d are 
required for nitrification. This nitrification oxygen demand 
* represents an increase of 40% and 60% respectively above the 
carbonaceous oxygen demand for the raw and settled wastewater. 
However, the total oxygen demand for treating settled wastewater 
is only 75% of that treating raw wastewater. 
In order that nitrification can proceed without inhibition 
by oxygen limitation, it is important that the aeration equipment 
is adequately designed to supply the total oxygen demand; generally 
heterotrophic organisms growth takes precedence over nitrifier 
*Roughly for Rs > 1,25 Rsm• the increase in the total oxygen demand 
due to nitrification is given by M(Ot) = (1 + 5 fns)M(Oc) where 
fns is the TKN/COD ratio of the wastewater. For processes including 
denitrification see Chapter 6, Section 7.6.2. 
5.47 
growth when oxygen supply .. b.ecom~s insuf.fici.ent. This is because 
heterotrophic organisms can grow adequately with dissolved oxygen 
concentrations of 0,5 to 1,0 mgO/£ whereas nitrifiers require a 
minimum concentration of 1 to 2 mgO/£. 
The nitrifier$ sludge mass given in Figs 5.9b and 5.lOb 
shows a rapid increase once R > R and is approximately the same 
S Sm 
for raw or settled sewage, but is slightly higher at 14°C than at 22°C. 
Comparing the nitrifier sludge mass to the heterotrophic sludge mass, 
even at high TKN/COD ratios, the nitrifier sludge mass comprises only 
about 2 percent of total volatile mass and may be neglected in the 
determination of the volatile solids concentration in the activated 
sludge process treating domestic wastewaters. 
It is worth repeating that primary sedimentation removes only 
a minor fraction of the TKN but a significant fraction of COD. Even 
though the settled wastewater has a lower TKN than the raw wastewater 
the process effluent nitrate concentration will not reflect this 
difference beause the nitrbgen removed for sludge production is lower 
for settled than for raw wastewater. Consequently the nitrate 
generated is approximately the same for both waste flows. In contrast, 
the maximum denitrification possible (denitrification potential) 
in the process is dependent principally on the influent COD concen-
tration and this concentration, we have seen, is significantly 
reduced by primary sedimentation. This may result in a situation 
that it may be possible to obtain complete nitrate removal when 
treating raw wastewater but highly unlikely when treating 
settled wastewater. This difference in removal can have a profound 
effect on the process design for biological excess phosphorus 
removal. 
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CHAPTER SIX 
BIOLOGICAL NITROGEN REMOVAL 
by 
G A Ekama and G v R Marais 
1. PROCESS FUND.Ai.'1ENTALS 
In this chapter the kinetics of the single sludge nitrification 
denitrification process will be considered in detail. It will be 
shown that for municipal wastewaters, significant or even complete, 
removal of nitrate is possible with this process. 
There are two main biological activities whereby nitrogen is 
removed from the wastewater: (1) sludge production and (2) 
respiration for energy abstraction from organic compounds. These 
two reactions differ fundamentally in their biological objectives. 
1.1 Nitrogen Removal by Sludge Production 
The nitrogen removal attributable to sludge production was considered 
in detail in Chapter 4, Section 9, and it was concluded that for most 
municipal wastewaters only a minor fraction of nitrogen could be 
removed by sludge production (see Fig 4.5). 
1.2 Biological Denitrification 
This biological reaction is known as dissimilative reduction of 
nitrogen or denitrification and involves the reduction of nitrate or 
nitrite present in the wastewater to gaseous nitrogen which escapes to 
the atmosphere. Removal of nitrogen via this process is a consequence 
of .biological redox reactions, to obtain energy from the organic 
material. In these reactions nitrate and nitrite serve the same function 
as oxygen, i.e. that of a hydrogen ion/electron acceptor ~see Chapter 1). 
6.2 
Nitrate readily replaces oxygen as the terminal electron acceptor 
because the electron pathway is very similar to that of oxygen. 
The difference is in the electron transfer from the cytochromes 
where the specific enzyme reductase is replaced by the enzyme 
nitrate reductase which catalyses the final electron transfer to 
nitrate instead of oxygen (see Chapter 1). Studies of pure cultures 
of denitrifying organisms indicate that the presence of dissolved 
oxygen prevents the formation of the enzyme necessary for the final 
electron transfer to nitrate (Chang and Morris, 1972).(See Sectio~ 2.2 belo' 
From stoichiometry, it can be shown that when nitrate serves as the 
terminal electron acceptor, the equivalent mass of oxygen, (as 0) 
if oxygen were the terminal electron acceptor, is 
1 mgN0
3 
as N - 2,86 mgO as 0 (6.1) 
Knowing the equivalence between nitrate and oxygen, nitrate consumption 
for synthesis of new organism mass can be formulated with the equations 
for oxygen consumption by only slight modification. It also allows 
COD balances to be properly executed on denitrification processes. 
1.3 Effect of Denitrification on Oxygen Demand 
In Chapter 5, Section 1, it was shown that when 1 mgN ammonia or TKN 
is converted to nitrate 4,57 mgO are required. In the section above it 
was shown that when 1 mgN nitrate is denitrifi.ed it is equivalent to 
2,86 mgO being supplied. Thus for nitrification, 4,57 mgO/mgN are 
required, but in denitrification 2,86 mgO/mgN can be recovered, i.e. 
with denitrification 2,86/4,57.100 = 63% of the oxygen demand for 
nitrification can be recovered, if complete denitrification is achieved. 
Because the oxygen requirement for nitrification is about 25 to 35% 
of the ·total oxygen requirement, a saying of 15 to 20% of the total 
oxygen requirement can be made by including biological denitrification. 
This is demonstrated in Fig 6.1 where the oxygen demand for (i) 
carbonaceous, (ii) total including nitrification and (iii) total 
including nitrification and denitrification (per kgCOD load) is plotted 
6.3 
versus sludge age for a typical raw wastewater (see Tables 4.3, 5.2 
and 6.1). 
Other advantages of processes including denitrification are discussed 
in Chapter 4, Section 11.2; see also Chapter 5, Section 4,3 and 
Chapter 6, Section 1.4. 
1.4 Effect of Denitrification on Alkalinity 
Biological denitrification in which nitrate is reduced to nitrogen 
gas is accompanied by an increase in Alkalinity. From stoichiometry, 
for 1 mgN nitrate denitrified, 3,57 mg as CaC03 Alkalinity is produced. 
In Chapter 5, Section 4.3 it was shown that in the nitrification 
process, 7,14 mg/£ as CaC03 alkalinity was lost for every 1 mgN/£ ammonia 
nitrified. Consequently, through denitrification, half the decrease 
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Fig 6.1 Carbonaceous, total including nitrification 
and total including nitrification and de-
nitrification oxygen demand per unit COD 
load versus sludge age for raw wastewater. 
6.4 
The recovery of alkalinity by denitrification is important when treat-
ing wastewaters with low alkalinity values - less than 200 mg/£ as 
Caco
3
. For such wastewaters the production of only 15 mgN/£ nitrate 
without denitrification will reduce the mixed liquor pH value to below 5. 
In this event,because nitrification is extremely sensitive to pH 
values below 7, only partial nitrification will be obtained, even 
at long sludge ages. However, should denitrification be incorporated 
in the process, the recovery of alkalinity by de-nitrification usually 
will cause the mixed liquor pH value to be maintained near 7 even for 
low alkalinity wastewaters. This favourable effect,of maintaining 
the mixed liquor pH value near 7, makes a nitrification - denitrification 
process virtually mandatory for activated sludge processes treating 
wastewaters with low alkalinity values. This aspect is discussed in 
detail in Chapter 5, Section 4.3 and Chapter 4, Section 11.2. 
2. REQUIREMENTS FOR DENITRIFICATION 
For denitrification to occur, the following conditions are necessary: 
(1) Presence of nitrate (or nitrite) 
(2) Absence of dissolved oxygen 
(3) A facultative bacterial mass 
(4) Presence of a suitable electron donor (energy source). 
2.1 Presence of Nitrate 
Normally the presence of nitrate implies nitrification as a prerequisite. 
The conditions for adequate nitrification in an activated sludge process 
have been discussed in detail in Chapter 5, Section 4. The pre-
requisite fornitrification involves the estimation of the maximum 
sludge mass fraction which may be left unaerated but still ensuring 
nitrification. 
2.2 Absence of Dissolved Oxygen 
The inhibitory effect of dissolved oxygen on denitrification has been 
extensively reported in the literature. In a comparative test series, 
Carlson (1972) found that at zero dissolved oxygen level the nitrate 
. -~ ':,._ 
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removed was 100 percent, while at 0,2 mg/£ dissolved oxygen (2 to 10 
percent oxygen saturation), no s1gnificant denitrification was 
obtained. Furthermore, it should be remembered that in a completely 
mixed anoxic reactor, even if no measurable dissolved oxygen concen-
tration (D.O.) is present, any oxygen entering such a reactor will be 
utilized preferentially by the organism mass, thereby reducing (in 
stoichiometric proportion) the mass of nitrate the reactor can 
denitrify. Possible sources of D.O. are; (1) high D.O. concentra-
tions in the recycles from the aerobic zones to the anoxic zones -
the D.O. concentration should be controlled to be between 1 and 2 
mgO/£ i.e. sufficiently high so as not to inhibit nitrification in the 
aerobic reactor but not too high to reduce significantly the denitrification 
in the anoxic reactor; (2) entrainment into the anoxic reactor via the air-water 
interface due to unnecessarily high mixing intensitites; (3) Archimedian screw 
pumps for recycle pumpi~g (4) hydraulic jumps, ~ascades and shooting flow 
conditions in interconnecting channels - closed channels and tranquil 
flow conditions entrain less oxygen. (See also Chapter 10 on operation 
of nutrient removal plants). 
2.3 Facultative Bacterial Mass 
The propensity to denitrify is widespread among bacteria. Uissimilative 
denitrification with end products N2 , NO and N02 has been established 
in numerous cases. The bulk of the bacterial mass in wastewater treat-
ment is facultative and a significant fraction is capable of dis-
similative denitrification. Studies on denitrification tend to 
support the view that there is little difference between the bacterial 
masses in processes where nitrification only or nitrification-denitrification 
takes place. There is little merit therefore in attempting to analyse 
the bacterial composition of the sludge in detail. A sludge generated 
under aerobic conditions, when subjected to the appropriate environ-
mental conditions, will show a denitrifying capability immediately and 
will continue to do so, subsequently without apparent change in reactivity. 
2.4 Electron Donor (Energy Source) 
The oxidation of carbonaceous compounds with nitrate as electron acceptor 
i.e. denitrification, provides the energy required by the facultative 
heterotrophs for synthesis of new mass and endogenous respiration. The 
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electron donor constitutes the source of the energy. The axis about 
which all biological denitrification investigati~ns revolve is the 
energy source which serves as the electron donor in the denitrification 
process. Denitrification has been investigated for a variety of 
substances as carbonaceous energy sources. 
as follows: 
These can be categorised 
(a) Energy sources not present in the wastewater, i.e. an external 
carbonaceous energy source which is added at the denitrification 
stage of the process. Compounds used as an external energy 
source include methanol, methane, ethanol:, acetone and acetic acid. 
(b) Energy sources present in the influent wastewater, i.e. an internal 
carbonaceous energy source which enters the system with the waste-
water. 
(c) Energy sources which are self-generated within the system by the 
release of nutrient by the organisms in the death phase. 
The type of energy source utilised has led to different process 
configurations for denitrification studies. Usually in municipal 
wastewater treatment only energy sources (b) and (c) above are of interest 
as these are sources of energy available in the single sludge activated slu 
process. However in some nutrient removal plants a readily biode-
gradable COD source may be added to the anaerobic reactor to improve 
the biological P removal). (See Chapter 4, Section 8 and Chapter 7, 
Section 3.3). This practice not only improves P removal but also the 
removal of nitrate by denitrification as it constitutes the addition of 
an external energy source (group a). Sources of readily biodegradable 
COD are acid digester supernatant or some form of organic wastewater 
with a large readily biodegradable COD fraction such as malting industry 
wastewater, fruit and vegetable canning factory wastewaters, juicing 
factory wastewaters etc. The addition of these wastes increases the 
nitrate removal potential by denitrification because the additional 
readily biodegradable COD allows the initial rapid rate of denitrifica-
tion to operate for a longer period of time (see Section 4.1.1 below). 
6.7 
3.0 DENITRIFICATION PROCESS CONFIGURATION 
Two basic activated sludge process configurations have been developed 
for single sludge biological denitrification: (1) the Wuhrmann configura-
tion and (2) the Ludzack-Ettinger configuration. 
3.1 The Wuhrmann Configuration 
The single sludge nitrification-denitrification system in which 
endogenous energy release provides the energy source for denitrification 
was first proposed by Wuhrmann (1964). A schematic presentation of 
the process is shown in Fig 6.2. It consists of two reactors in 
series, the first aerobic and the second anoxic. The influent is 
discharged to the first reactor where aerobic growth of both the 
heterotrophic and nitrifying organisms takes place. Provided the sludge 
age is sufficiently long and the aerobic fraction of the system is 
adequately large, nitrification will be complete in the first reactor. 
The mixed liquor from the aerobic reactor passes to the anoxic reactor, 
also called the post-denitrification reactor or secondary anoxic reactor 
where it is kept completely mixed by stirring, but with no aeration. 
The outflow from the anoxic reactor. passes through a settling tank and 
the underflow is recycled back to the aerobic reactor. 
Energy release by the sludge mass due to the death of organisms provides 
the energy source for denitrification in the anoxic reactor. However, 
the rate of release of energy is low, so that the rate of denitrification 
is also lciw. Consequently, in order to obtain a meaningful reduction 
of the nitrate concentration in the anoxic reactor, the anoxic fraction 
of the system must be large and this may cause a breakdown of the 
nitrification process. Thus, although theoretically the system has the 
potential to remove all the nitrate, from a practical point this usually 
is not possible as the anoxic volume fraction will need to be so large 
that the conditions for nitrification cannot be satisfied particularly if 
the temperatures are low, below 15°C. Furthermore, in the anoxic reactor, 
organic nitrogen and ammonia are released through organism death, some 
of which passes out with the effluent thereby reducing the total nitrogen 
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removal of the system. To minimise the ammonia content of the 
effluent, a flash or reaeration reactor may be placed between the 
anoxic reactor and the settling tank. In this reactor the 
ammonia is then nitrified to nitrate thereby reducing overall 
efficiency of the nitrate reduction capability of the process. 
3.2 The Ludzack-Ettinger Configuration 
Ludzack and Ettinger (1962) were the first to propose a single sludge 
nitrification-denitrification process utilizing the biodegradable 
material in the influent as an energy source for denitrification. 
A schematic presentation of this sytems is shown in Fig 6.3. It 
consists of two reactors in series, partially separated from each 
other. The influent is discharged to the first reactor which is 
maintained in an anoxic state by stirring without aeration. The 
second reactor is aerated and nitrification takes place. As there 
is only partial separation, the mixed liquor in the first reactor 
is in communication with that in the second reactor. Due to the 
mixing action in both reactors, an interchange of the nitrified and 
anoxic liquors is induced, and the nitrate entering the anoxic 
reactor is reduced to nitrogen gas. Ludzack and Ettinger reported 
that the process gave variable denitrif ication results·, probably due 
to the lack of control of the interchange of the contents of the 
two reactors. 
In 1973, Barnard in developing the Bardenpho process proposed an 
improvement of the Ludzack-Ettinger process, by completely separating 
the anoxic and aerobic reactors, recycling the underflow from the 
settler to the anoxic reactor, and providing an additional recycle 
from the aerobic to the anoxic reactor (Fig 6.4). 
These modifications allow a significant improvement in. control over the 
process performance. The high influent energy source discharged to 
the anoxic reactor also called the pre-denitrification reactor or 
primary anoxic reactor, gives rise to a high :rate of denitrification 
and a substantially higher reduction of nitrate than in the Wuhrmann 
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Fig 6.5 The Bardenpho process for 
nitrogen removal. 
is substantially smaller than the post-denitrification reactor of 
the Wuhrmann process. For the purposes of identification, this 
process will be called the modified Ludzack-Ettinger process. 
With the modified Ludzack-Ettinger process, complete denitrification 
cannot be achieved because a part of the total flow from the aerobic 
reactor is not recycled to the anoxic reactor but is discharged 
directly with the effluent. 
3.3 The Bardenpho Configuration 
In order to overcome the deficiency of incomplete denitrification in 
the modified Ludzack-Ettinger process, Barnard (1973) proposed 
combining this process with that of Wuhrmann and called it the 
Bardenpho process. A schematic presentation of the Bardenpho process 
is shown in Fig 6.5. Barnard considered that the low concentration 
of nitrate discharged from the aerobic reactor to the secondary 
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anoxic reactor will be denitrified to produce a relatively nitrate-
free effluent. To strip the nitrogen bubbles generated in the 
secondary anoxic reactor attached to the sludge floes, he 
introduced a flash aeration reactor between the secondary anoxic 
and the final settling tank. The flash aeration reactor was also 
considered necessary to nitrify the ammonia released during the 
sludge residence time in the secondary anoxic reactor. In order 
to reduce the possibility of flotation of sludge in the settler due 
to denitrification of residual nitrate, the sludge accumulation in 
the settler was to be kept to a minimum. This was achieved by 
having a high recycle rate from the settler, ~pproximately equal to 
the mean influent flow. 
Although in concept the Bardenpho process has the potential for complete 
removal of nitrate, in practice this is not always possible, an aspect 
that will be discussed in detail in Section 6 below. 
4. EXPERIMENTAL BASIS FOR DENITRIFICATION KINETICS 
Carlson (1971) and Christensen and Harremoes (1977) suggested that the 
kinetic reaction for denitrification by activated sludge mixed liquor 







denitrification rate (mgN nitrate/litre/unit time) 
N = nitrate concentration (mgN/£) 
n 
t = time (hours or days) 
X volatile solids concentration (mgVSS/£) 
(6.2) 
K = specific denitrification constant (mgN/mgVSS/time). 
This expression for the denitrification rate was developed from batch 
tests. It indicates that the nitrate-time relationship is linear 
and independent of the nitrate concentration, i.e. the rate is zero 
order with respect to nitrate concentration, and a function only of 
the volatile sludge concentration. 
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In order to evaluate Eq (6.2) as a basis for describing denitrification 
' 
behaviour in the single sludge activated sludge process, Marais and a 
number of co-workers (Stern, 1974, Wilson, 1976, Marsden, 1977), 
undertook an extensive investigation into the kinetic behaviour of 
the modified Ludzack-Ettinger and Wuhrmann configurations using plug 
flow mixing regimes for the respective primary and se~ondary anoxic 
reactors. By measuring the nitrate concentration along the length 
of the plug flow anoxic reactors, the denitrification kinetic 
behaviour was determined by plotting nitrate concentration-time 
profiles. Experiments were carried out using only raw and settled waste-
waters at different temperatues, sludge ages, sludge concentrations, 
influent COD concentrations and recycle ratios. 
The investigation was divided into two parts (1) constant flow and 
load conditions and (2) cyclic flow and load conditions. 
4.1 
4.1.1 
Constant Flow and Load Conditions 
~~E~E~~~~E~l-~~E~-~iE~_f l~g_!l~~-~~~~E~E~ 
Typical nitrate concentration-time profiles for secondary and primary 
anoxic plug flow reactors are shown in Figs 6.6 and 6.7 respectively. 
· The secondary anoxic profiles all exhibited a single linear phase 
that appeared to be independent of the nitrate concentration i.e. 
·the profiles exhibited a behavioural pattern not at variance with 
Eq (6.2). The primary anoxic profiles, however, exhibited profiles 
that all indicated a two-stage denitrification response,i.e. (1) a fast 
primary phase of short duration (1 to 10 minutes), thereafter (2) a 
slow secondary phase at about one seventh the rate of that of the 
primary phase. 
In order to fit the experimental data into the functional form 
expressed by Eq (6.2), it is necessary to discuss the following 
aspects: (i) sludge concentration, (ii) denitrification rate constants, 
(iii) recycle ratios, and (iv) sludge age. 
(i) §!~~g~-~~~~~~EE~!i~~: As the denitrification reaction is 
mediated by the active organisms, Eq (6.2) should be expressed 
in terms of the active mass concentration Xa' i.e. 
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N = K X D.t 
n a (6.3) 
In all the investigations by Marais and his co-workers it was 
found that the sludge production in anoxic-aerobic systems was 
not distinguishably different from a comparable aerobic system, 
provided that the anoxic volume fraction was not goo great (i.e. 
less than about 50 percent). Consequently, the active mass 
concentration X in the system could be expressed by Eq (4.10) 
a 
(see Chapter 4, Section 4), (Arkley and Marais, 1982). 
Denitrification Rate Constants K: If the denitrification rate ______________________________ i __ 
constant, K, maintains the same value throughout the actual 
residence time in the plug-flow reactor, R , then the difference 
a 
between the influent and effluent nitrate concentrations, N . and 
ni 





N no D.N na 
K X R 
a a 
( 6. 4) 
R = actual retention time in plug flow reactor (hrs or d) 
a 
Equation (6.4) is valid only if the effluent nitrate from the 
reactor is greater than zero, see Section 4.1.3 below. 
The difference (N . - N ) is the actual removal of nitrate ni no 
concentration in the reactor. However, as the rate of flow 
through the reactor is Q (1 + a) (where Q = units of influent 
flow to the plant per unit of time and a= recycle ratio), the 
flow passes (a + 1)/1 times through the reactor. 
the system removal, N , i.e. ns 
6N ns 
(a+ l)(N . - N ) ni no 
This gives 
(6.5) 
The nominal retention time of the plug-flow reactor is defined 
by 
R = V /Q n r (6.6) 
where 
R nominal retention time 
n 
V = volume of the reactor (~) 
r 
Q daily average influent flow to process. 
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Hence the relationship between the actual and nominal 
retention times is 
R 
a 
R /(1 + a) 
n (6. 7) 
Substituting Eq (6.4) for N . - N and Eq (6.7) for R into 
ni no a 
Eq (6.5), the system nitrate removal is given by 
6N ns K X R a n (6.8) 
<> 
Comparing Eqs (6.4 and 6.8), note that K is independent of the 
recycle ratio a. Hence K can be determined directly from 
Eq (6.4) i.e. from the actual observed reduction in the nitrate 
concentration in the anoxic reactor. With these basic 
equations the nitrate reduction in the primary and secondary 
anoxic reactors now can be formulated. 
Referring to the experimental secondary anoxic reactor profiles, 
Fig 6.6, only one constant linear nitrate time reduction phase 
was observed and the analyses above allow the denitrification 
rate constant in this reactor, K
3 
to be determined directly from 
Eq ( 6. 4) i.e. 
6N = K3 X R nss a ns (6.9) 
where the additional subscript s refers to the secondary anoxic 
reactor. 
By applying Eq (6.9) to all the profiles observed experimentally, 
a set of K values was obtained at 14°C and 20°C respectively 
and the mean value determined by a graphical statistical analysis. 
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The statistical plot ~f the K3 values obtained at 14°C is 
shown in Fig 6.8. From the mean K
3 
values at 14°C and 20°C 
the effect of temperature on K
3 
was formulated as 
0,072 (l,03) T-20 ( NO N/ VASS/d) mg 
3
- mg (6.10) 
Referring to the primary anoxic reactor profiles, two linear 
reduction phases were observed. The first phase persisted 
only for a limited period, the second phase persisted for the 
remaining retention time in the plug flow reactor, see Fig 6.7. 
To determine the denitrification rate constants of the two phases, 
it was presumed that the second phase was also operative during 
the first phase i.e. the slope of the nitrate-time profile of 
the first phase is the sum of the slopes of the two phases; 
the slope of the first phase is governed by (K
1 
+ K2). Later 
it will be shown that there is good reason to believe that this 
is indeed so - see Section 4.1.2 below. The separation of 
the phases and their associated K values are best appreciated 
by graphically setting out the nitrate-time profile as shown in 
Fig 6.9. Hence the system reduction in the pre-denitrification 
reactor can be written: 
6N nps 
where 




= duration of the first denitrif ication phase; subscripts 
1 and 2 refer to the first and second phases of denitrification; 
subscript p refers to the primary anoxic or pre-denitrification 
reactor; subscripts a and n on the R parameter refer to actual 
and nominal retention times respectively. 
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From the many experimental profiles the values of K1 and K2 were 
calculated using the construction set out in Fig 6.9, and Eq 
(6.11). The statistical plots of the K1 and K2 values at 14°C 
and 20°C are shown in Fig 6.10. From the mean values at these 
two temperatures, the following temperature dependency 
equations were obtained, 





for T ~ 13°C 
K2T = KJT for T < 13°C. 
The temperature sensitivity of the denitrification rate constants 
given above and in Eq (6.10) can be considered reliable only 
in the range 12°C to 24°C. 
From the experimental data as analysed above, Marais and co-worke1· 
came to the conclusion that the system reduction of nitrate in 
the first phase of denitrification, L'iN 
1 
, was approximately n s 
proportional to the influent biodeg:radabZe COD concentration, 
Sbi (see Eq 2.7) i.e. 
L'iN l = a Sb. n s i (6.14) 
Experimentally, for raw or settled wastewater, the mean value 
of a was found to be 0,028 mgN/mg b-iodegradabZe COD, and this 
value of a appeared to be independent of temperature. Taking 
account of these characteristics, the system nitrate reduction 
in the primary anoxic reactor can be written as 
L'iN nps 
(6.15) 
and the duration of the first phase of denitrification can be 
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Fig 6.8 Statistical plot of the 
observed denitrification 
rate constants in a 
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From Eq (6.16), the duration of the first phase of denitrifica-
tion in the primary anoxic reactor, t1, depends on the recycle 
ratio and the active mass concentration. Usually t1 lies in 
the range 2 to 10 minutes. 
The total system nitrate reduction of the primary and 
secondary anoxic reactors is the sum of Eqs (6.9 and 6.15) i.e. 
Lill = a Sb. + K2X R + K3X R nts i a np a ns 
where 
L'lN nts total system nitrate removal. 
(6.17) 
An important point to note is that Eq (6.17) is valid only if 
the nitrate is not reduced to zero in any one of the anoxic 
reactors. Where this condition is satisfi~d,then from 
Eq (6.17) the magnitude of the recycle ratio does not affect 
the system reduction. However, there must be a minimum 
recycle; this is determined by the recycle value that just 
causes the nitrate to be zero at the end of a plug flow reactor. 
If the recycle is less, the nitrate will become zero before the 
end of the reactor is reached - the recycle can be increased 
(with concomitant increase in the nitrate removal) to the 
point where nitrate just starts to appear in the effluent. 
Once nitrate appears in the effluent from all the anoxic 
reactors, a further increase in the recycle will have no effect 
on the system nitrate reduction. 
Marais and co-workers found experimentally that at a 
specific temperature the value of the respective denitrificatior 
4.1. 2 
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constants appeared to remain unchanged irrespective of the 
sludge age for sludge ages between 10 and 25 days. 
It has been established in the biological growth kinetic theory that 
for the utilization of 1 mgCOD under aerobic conditions, an amount .'·· 
of (1-f Yh) mg oxygen is required. 
CV 
Numerically with f = 1,48 mgCOD/ 
. CV 
mgVSS and Yh = 0,45 mgVSS/mgCOD, the oxygen consumption per substrate 
utilization is 0,33 mgO/mgCOD (Chapter 1, Section 4). In an anoxic 
reactor with substrate ~tilisation, nitrate is reduced instead of 
oxygen. As the oxygen equivalent of nitrate is 2,86 mgO/mgN (from 
Eq 6.1), the nitrate consumption per mgCOD utilised is (1-f Yh)/2,86 
CV 
0,116 mgN/mgCOD or conversely 8,6 mgCOD are required to reduce 
1 mgN nitrate. From Eq (6.14) the nitrate concentration removed 
during the first phase of denitrification is asbi where Cl = 0,028 
and Sbi = biodegradable influent COD concentration. Thus the COD 
reduction during the first phase of denitrification is 0,028.8,6.Sbi 
= 0,24 Sbi" From measurements of the readily biodegradable COD in 
the influent feed, it was found from Eq (2.8) that the readily biode-
gradable COD fraction fbs of raw wastewater was 0,24. It was therefore 
hypothesized that the rapid first phase of denitrification is 
associated with the utilization of the readily biodegradable COD of 
the influent. It was also hypothesized that the second slower 
denitrif ication rate in the primary anoxic reactor and the rate in the 
secondary anoxic reactor are associated with the utilization of the 
slowly biodegradable particulate COD. From a simulation study of 
the denitrification behaviour in primary and secondary plug flow anoxic 
reactors, it was concluded that both these hypotheses appear to be 
valid. Details of this work (see van Haandel and.Marais, 1981) are 
not important here, however, the following conclusions are: (i) the 
utilization of readily biodegradable COD and slowly biodegradable 
COD take place simultaneously (see Section 4.1.1 and Fig 6.9 above), 
and (ii) the second rate in the primary anoxic reactor (K2) and the 
rate in the secondary anoxic reactor (K3) both arise from the 




because the concentration of slowly biodegradable COD 
in the primary anoxic reactor is higher than that in the secondary 
r,, 
anoxic reactor - in the primary anoxic reactor the slowly biode-
gradable COD arises from that in the influent and organism death 
whereas that in the secondary anoxic reactor arises from organism 
death only. 
4.1. 3 
Up to this stage, only plug flow reactors have been considered. 
Although this flow regime is important from a research point of 
view, it has little practical application in full scale nitrification-
denitrification plants. Because the denitrification reaction in an 
anoxic reactor is approximately zero order with respect to nitrate, 
the reduction achieved in a reactor is virtually independent of the 
flow regime. Consequently, the equation developed for the nitrate 
reduction, Eq (6.17) should be valid also for completely mixed 
reactors. Where the plug flow reactors were replaced by completely 
mixed reactors of the same volume, experimental data indicate that the 
reductions are substantially the same. 
Generally, completely mixed reactors are not useful to obtain basic 
time behaviour characteristics as it is possible only to measure 
influent and effluent concentrations. However, if the reduction is 
a single zero order reaction (as in the case of the secondary anoxic 
reactor), the correct K value can be calculated from the influent and 
effluent nitrate concentrations (provided the latter is not zero) but 
if the reduction is due to two zero order reactions (as in the case of 
the primary anoxic reactor), the correct K values cannot be separated 
out; the combined effect of the two K values is to give rise to an 
apparent K value that varies with the retention time. This point is 
mentioned because in many instances the literature gives primary anoxic 
denitrification rate constants calculated fr~m influent and effluent 
nitrate concentrations from completely mixed primary anoxic reactors. 
A further cause of error is that the denitrification rate constants 
in the literature often are given in terms of mg nitrate removed per 
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mg volatile suspended solids per unit time. Constants reported in 
terms of total VSS should be used with caution because the denitri-
fication rates are first order with respect to the active volatile 
suspended solids (X) (see Eq 6.3), not first order with respect to a 
the total volatile suspended solids (X ) - the inert fraction of the 
v 
VSS varies significantly with sludge age and wastewater type (see 
Fig 4.2), so that the denitrification rate constants in terms of 
total VSS cannot be applied to wastewaters and sludge ages different 
to those on which the rates were measured. However, if the wastewater 
characteristics, sludge age and temperature are known then, via the 
activated sludge theory given in Chapter 4, the denitrification rate 
constant, if given in terms of VSS, may be corrected to be in terms 
of the active volatile solids concentration. 
4.2 Cyclic Flow and Load Conditions 
When denitrification experiments were run under cyclic loading 
conditions, the approach outlined above for calculating the extent 
of denitrification no longer appeared to be applicable - the total 
nitrate concentration removed was less than observed under steady 
state loading conditions, the removal of nitrate decreased as the 
severity of the cyclic load variation increased, and the TKN in the 
effluent showed a marked cyclic response, being high during the high 
loading phase and low during the low loading phase, whereas the 
nitrate behaved in exactly the opposite fashion. It was evident 
that to establish a general denitrification model, an alternative 
approach to that established for analysing the steady state 
behaviour was needed. This was sought in the general model for 
the activated sludge process developed by Ekama and Marais (1978). 
The details of this research work are not essential for using this 
monograph, but it can be mentioned that a large measure of success 
was achieved in predicting the behaviour of denitrification under 
dynamic loading conditions once a number of modifications to the 
model of Ekama and Marais (1978) were accepted. Interested readers 
are referred to the following publications: Dold, Ekama and Marais 
(1980); Ekama, van Haandel and Marais (1979); Siebritz, Ekama and 
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Marais (1980); van Haandel and Marais (1981); van Haandel, Ekama 
and Marais (1981) and van Haandel, Dold and Marais (1982). 
The outcome of. the research work described in the references above, 
was a general dynamic model of the activated sludge process including 
nitrification and denitrification. The theoretical predictions of 
the general model correlated well with the experimental data observed 
under both constant and cyclic loading conditions at laboratory and 
pilot scale. 
The general dynamic model, which describes the activated sludge process 
in basic biological mechanisms, was utilised to study the validity of 
the empirical denitrification constants K. A comparison of the 
theoretically predicted and experimentally observed K values is given 
in Figs 6.11 and 6.12. These figures show that for sludge ages between 
10 and 30 days and temperatures between 12 and 22°C, good correlation 
between simulated and experimental K values is obtained. The good 
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have no fundamental biological kinetic basis (of the kind on which 
the general dynamic model is based), they ne~ertheless appear to have 
such consistency that they can be applied to the design of anoxic 
reactors for constant loading conditions. 
5.0 DENITRIFICATION POTENTIAL 
From the empirical denitrification equation of the primary and 
secondary anoxic reactors, Eqs (6.15 and 6.9), it is clear that there 
is a maximum concentration of nitrate that can be removed by the 
anoxic reactors. In terms of these equations, this maximum for the 
primary anoxic reactor depends on the influent biodegradable COD, the 
active mass concentration and the retention time, and for the secondary 
anoxic reactor only on the active mass concentration and the retention 
time. The maximum concentration of nitrate that can be removed by an 
anox1c reactor is known as the denitrification potential of the 
reactor. 
5.1 Denitrification Potential of the Primary Anoxic Reactor 
From Eq (6.15), the denitrification potential of the primary anoxic 
reactor, Dpl is given by 
(6.18) 
Now X R = X V /Q (where V = volume of the primary anoxic reactor a np a a a 
and Q =daily average influent flow). The term X V represents the 
a a 
mass of sludge in the primary anoxic reactor, which can be expressed 
as a fraction of the total mass of sludge in the process. 
be the mass of sludge in the primary anoxic reactor as a fraction or 
the total mass of sludge in the process i.e. the primary anoxic 
sludge mass fraction, then from Eq (4.10) 
x v 
a a fxl M(X) 
fxl YhRsQSbi/(l + bhRs) 




Substituting the RHS of Eq (6.19) for X R into Eq (6.18) yields a np 
(6.20) 
where 
Dpl denitrification potential of the primary anoxic reactor 
(mgN/ .e influent) 
Shi biodegradable COD concentration of the influent 
a fraction of nitrate removed by the initial rapid phase 
of denitrification 
= fb (1 - f Yh)/2,86 (see Section 4.1.2. above) 
S CV 
where 
fbs readily biodegradable fraction of the influent biode-
gradable COD 
fxl primary anoxic sludge mass fraction. 
In Eq (6.20), it is assumed that the initial rapid rate of denitrifica-
tion is always complete, i.e. the actual retention time in the primary 
anoxic reactor is always longer than the time required to 
utilise all the readily biodegradable COD in the influent, given 
by t
1 
in Eq (6.16). If t 1 is taken to be the minimum actual 
hydraulic retention time, it can be shown by substituting Eq (4.10) 
for Xa and Eq (6.16) for t 1 , that the minimum primary anoxic sludge 
mass fraction f . to deplete the readily biodegradable COD is 
xlmin 
f 1 . x min 
fbs(l - fcvYh)(l + bhRs) 
2,86 KlYhRs 
(6.21) 
Substituting the values of the kinetic constants into Eq (6.21) 
f . < 0,08 for R > 15 days at 14°C. This value is much lower 
xpmin s 
than most practical primary anoxic reactors so that Eq (6.20) will 
be valid in most cases. 
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A diagrammatic representation of Eq (6.20) is given in Fig 6.13 for 
different primary anoxic sludge mass fractions (fxl) and temperatures. 
The diagram shows that the denitrification potential of a primary 
anoxic reactor increases as sludge age, anoxic sludge mass fraction 
and temperature increase, but that the denitrification potential is 
most sensitive to the anoxic sludge mass fraction (fx
1
). 
5.2 Denitrification Potential of the Secondary Anoxic Reactor 
The denitrification potential of the secondary anoxic reactor is found 
in a similar fashion as that for the primary anoxic reactor and is 
found to be given by 
= (6.22) 
where 
Dp3 = denitrificaction potential of the secondary anoxic 
reactor (mgN/£ influent) 
fx3 = anoxic sludge mass fraction of the secondary anoxic 
reactor. 
A diagrammatic representation of Eq (6.22) is given in Fig 6.13 for 
different anoxic sludge mass fractions and temperatures. The 
denitrification potential increases at the sludge ages, temperature 
and anoxic sludge mass fraction (fx3) increase, but is most sensitive 
to the anoxic sludge mass fraction (fx3). 
6. DESIGN PROCEDURE FOR N REMOVAL PROCESSES 
In the preceding sections, four important parameters were defined and 
discussed. These are (1) maximum unaerated sludge mass fraction 
(f , Chapter 5, Section 4.4). (2) nitrification capacity (N , xm c 
Chapter 5, Sectio~ 5.Z), (3) denitrification potential (Section 5 
above) and the TKN/COD ratio (Chapter 3, Section 4). These 
parameters greatly facilitate the design of nitrogen removal process. 
The salient aspects of these four parameters are briefly set out 
below. 
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Fig 6.13 Denitrification potential per kgCOD applied to 
biological process versus sludge age for primary 
(left) and secondary (right) anoxic reactors of 
different unaerated sludge mass fractions (fxl 
and f x3) for raw wastewater at 14°C and 20°C 
Maximum Unaerated Sludge Mass Fraction 
As nitrification is a prerequisite for denitrification the fraction 
of the sludge mass under aerobic conditions must be sufficiently 
large to allow complete nitrification. At a particular sludge 
age, this sets a limit on the fraction of sludge that is not 
aerated i.e. sets a maximum unaerated sludge mass fraction (f ). 
xrn 
The maximum unaerated sludge mass fraction is dependent principally 
on the maximum specific growth rate of the nitrifiers at 20°C 
(µnmZO) attainable with the wastewater, the minimum average tempera-
ture of the wastewater, (T . ) and the sludge age of the process (R ). min s 
In order to ensure nitrification, it is recommended that f is 
xrn 
limited at 0,50 to 0,60 and that the minimum aerobic sludge mass 
frac~ion is increased by a factor of safety of 1,25 to 1,35 (see 
Chapter 5, Section 4.4). 
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Nitrification Capacity of Process 
The nitrification capacity is the concentration of nitrate per 
unit of influent flow that the process produces by nitrification 
of the influent TKN concentration. If the unaerated sludge mass 
fraction satisfies the conditions set out above, complete nitri-
fication is likely to take place and the effluent TKN concentration 
will be between 2 and 3 mgN/R. Under these conditions the 
nitrification capacity is independent of the process configuration 
and is the difference between the influent TKN concentration and 
the sum of the nitrogen required for sludge production and effluent 
TKN concentration (Chapter 5, Section 5.2). 
Denitrification Potential of Process 
The denitrification potential of a process is the maximum mass of 
nitrate per unit influent flow that the process as designed can 
denitrify. It is directly proportional to the influent biode-
gradable COD concentration and the position and sizes of the anoxic 
reactors because denitrification in the primary anoxic reactor is 
faster than in the secondary anoxic reactor. 
The Influent TKN/COD Ratio 
Because the nitrification capacity and denitrification potential 
are approximately proportional to the influent TKN and COD 
concentrations respectively, the influent TKN/COD ratio is a 
relative measure of the mass of nitrate generated in the 
process by nitrification and the mass of nitrate that can be 
removed in the process by denitrificatipn. 
6.1 Principles of the Design Procedure 
From the wastewater characteristics i.e. influent TKN and COD concen-
trations (Nti and Sti), maximum specific growth rate of the nitrifiers 
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at 20°C (µ 20), the readily biodegradable COD fraction (f ) and the nm bs 
minimum average wastewater temperature (T . )', the maximum unaerated 
min 
sludge mass fraction (f ) and the nitrification capacity (N ) can be xm c 
calculated for a selected sludge age (R ). The f then can be sub-
s xm 
divided into primary and secondary anoxic sludge mass fractions (fxl 
and fx 3) and this division fixes the denitrification potential of 
these two reactors and hence also of the process. When considering 
the subdivision of f , it should be remembered that the denitrifica-
xm 
tion potential of the primary anoxic reactor (Dp
1
) is greater than 
that of the secondary anoxic reactor (Dp 3) for equal anoxic sludge 
mass fractions, but that sufficient nitrate must be recycled to the 
primary anoxic reactor to fully utilize its denitrification potential. 
The relative sizes of the primary and secondary anoxic sludge mass 
fractions (fx
1 
and fx3), as well as whether or not a secondary anoxic 
reactor is to be included in the process configuration, depend on 
the influent TKN/COD ratio. If the objective is to remove as much 
nitrogen as possible, the denitrification potential of the process 
(which may or may not include a secondary anoxic reactor) must be as 
close as possible to the nitrification capacity. Complete denitri-
fication is possible only when the process configuration incorporates 
a secondary anoxic reactor and if the sum of the denitrification 
potentials of the primary and secondary anoxic reactors is greater 
than the nitrification capacity, i.e. Dp 1 + Dp3 > Nc (provided Dp 1 
is fully utilized by having a sufficiently high mixed liquor a-recycle). 
If complete denitrification is not possible due to a high TKN/COD ratio, 
nitrate will be present in the effluent. If the effluent nitrate 
concentration is greater than about 5 to 6 mgN/£, the incorporation 
of a secondary anoxic reactor becomes an inefficient utilization of 
the unaerated sludge mass fraction; an improved nitrate removal 
will be obtained if the secondary anoxic reactor (fx3) is incorporated 
into the primary anox1c reactor (fx
1
). Removal of the secondary 
anoxic reactor from the Bardenpho process (Fig 6.5) reduces the 
configuration to a Modified Ludzack-Ettinger (MLE) process (Fig 6.4). 
The above discussion indicates that in order to select a nitrogen 
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removal process configuration, it is necessary to check whether 
or not complete denitrification can be achieved. 
6.2 Can Complete Denitrification be Achieved? 
In the nitrogen removal processes, the maximum anoxic sludge 
mass fraction available for denitrification, f d , is equal to the 
x m 
. maximum unaerated sludge mass fraction f , i.e. 
xm 
f = f xdm xm (6.23) 
where f is given by Eq (5.24) for selected R , µ T and T .. xm s nm min 
To check whether or not complete denitrif ication can be obtained 
with the maximum anoxic sludge mass fraction,. the following 
reasoning is applied: In the Bardenpho process (which has the potential 
for complete denitrification), for a fixed underflow s-recyc.le ratio~ 
the mixed liquor a-recycle ratio governs the distribution of the nitrate 
from the aerobic reactor between the primary and secondary anoxic 
reactors - the higher the a-recycle ratio with respect to the s-recycle 
ratio, the greater the proportion of nitrate recycled to the primary 
anoxic reactor. For the selected a- and s-recycle ratio, the best 
denitrification performance is obtained when the primary anoxic 
reactor is just loaded to its denitrification potential. If the 
primary anoxic reactor is loaded to its denitrification potential, the 
nitrate concentration in the outflow of the reactor is zero and the 
nitrate concentration in the aerobic reactor is given by N /(a+s+l) i.e. 
c 
the nitrification capacity diluted into the total flow entering the 
aerobic reactor. Knowing the nitrate concentration in the aerobic 
reactor and including the effect of the dissolved oxygen concentration 
(D.0.) in the aerobic reactor and underflow s-recycle, the equivalent 
nitrate load imposed on the primary and secondary anoxic reactors by 
the selected a- and s-recycles can be calculated. Now a useful 
analytical device is to increase the equivalent nitrate load on the 
secondary anoxic reactor by a factor K2T/K3
T so that the reactor acts 
like a primary anoxic reactor except that it receives no readily 
-1< Recycle ratios specified with respect to the daily average 
influent flow rate. 
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biodegradable COD. Adding the equivalent nitrate load on the 
primary anoxic reactor to the ~djusted equiv~l~nt nitrate load on the 
secondary anoxic reactor, a total equivalent nitrate load is obtained. 
Because the secondary anoxic reactor has been transformed to act like 
a primary anoxic reactor, their respective contributions to total 
denitrification potential of the process need not be known, and the 
maximum anoxic sludge mass fraction (f d ) can be assumed to be in 
x m 
the form of a primary anoxic reactor. Consequently the process 
denitrification potential D can be calculated by means of Eq (6.20) 
PP 
with f 1 = f d . Now if the process denitrification potential D x x m pp 
of the maximum anoxic sludge mass fraction f d , is greater or equal 
x m 
to the total equivalent nitrate load, complete denitrification is 
possible for the selected a- and s-recycle ratios. In contrast, 
if the D of f d is less than the total equivalent nitrate load, pp x m 
complete denitrification is not possible for the selected a- and 
s-recycle ratios, and nitrate will be present in the effluent. 
Following the above reasoning and assuming the D.O. concentrations in 
the a- and s-recycles are 0 and 0 mgO/£ respectively, the following 
a s 
equation for the effluent nitrate concentration N for the Bardenpho 
ne. 
process can be developed: 
N 0 K2T s.O 
{ c l-t-2 ;6Ha + 
s 
K3T 




ne K2T K2T 








effluent nitrate concentration (mgN/£) 
nitrification capacity (mgN/£) 
mixed liquor and sludge underflow recycle ratios respectively 
second denitrification rate in primary anoxic reactor and 
denitrification rate in secondary anoxic reactor respectively 
(mgN/mgVASS/d) 
O ,0 = dissolved oxygen concentration in mixed liquor a and 
a s 
underflow s recycle respectively (mgO/£) 
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D denitrification potential at temperature T0 e on the 
PP 
assumption that the maximum anoxic sludge mass fraction 
f d found from Eq (6.23) is all in the form of a primary 
x m 
anoxic reactor i.e. DPP is given by Eq .(6.20) with fxl 
= fxdm and K2 adjusted to T
0 e with Eq (6.13). (6.25) 
Also, the optimum primary and secondary anoxic sludge mass fractions 
fxl and fx3 ' and the total fxdt are given by 
N 0 0 f (1 - f Yh) Sb. c a s b•' CV i} { (N •' + 2 86)a + + 2,86)s 
fxl 





{Shi (1 + bhTRs) K2T} 




fxl' fx3 ' fxdt = primary, secondary and total anoxic sludge mass 
fractions respectively. 
For a selected sludge age (R) and wastewater characteristics (S ., 
. s ti 
N ., fb , µ 20 , T . , f , f ) - from which f (Eq 5.24), f d (Eq 6.23), ti s nm min up us xm x rn 
K2T/K3T (Eqs 6.13 and 6.10), Nc (Eq 5.29) and Dpp (Eq 6.25) can be 
calculated - and selected D.O. concentrations in the a- and s-recycle 
ratios (0 and 0 ), the only unknowns in Eqs (6.24 to 6.28) are the a-
a s 
and s-recycle ratios. The s-recycle ratio usually is specified (at 
say 1) to obtain satisfactory settling tank performance. Hence N ne' 
fxl and fxJ all depend on the a-recycle ratio only, and hence these 
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three parameters can be calculated for various choices of the a-recycle 
ratio. If N ~O,O mgN/£ for some specified s- and selected a-recycle ne 
ratios, then complete denitrification is possible at these recycle 
ratios. 
In the solution procesure, if Eq (6.24) yields N < 0, N must be 
ne ne 
set equal to zero before substitution into Eqs (6.26 and 6.27). When 
N has to be set equal to zero, it will be noticed that fxdt obtained ne 
from Eq (6.28) is less than the f d assumed to calculate D The · x m PP 
reason for this is that when N < 0 D > N . By inserting N 0 ne ' PP c ne 
in Eqs (6.26 and 6.27), these equations give fxl and fx3 that will just 
produce complete denitrification for the selected a- and specified 
s-recycle ratios, so that f d turns out to be less than f d .. x t x m 
For the specified s-recycle ratio, Eqs (6.24 to 6.28) are valid only 
for a-recycle ratios falling between a lower and an upper limit: 
(i) Lower limit; the a-recycle must not be lower than that which 
gives fxl as calculated from Eq (6.26) less than f 1 . as x min 




. , the readily 
x x min 
biodegradable COD is not completely utilized in the primary 
anoxic reactor leading to inefficient denitrification and also 
making Eq (6.20) for Dpl invalid. 
(ii) Upper limit: the a-recycle ratio must not be increased above 
that which gives fx3 from Eq (6.27) a smaller value than that 
required to remove only the D.O. discharged to the secondary 
anoxic reactor, i.e. Dp 3 ~ (l+s) Oa/2,86 where Dp 3 
is given by 
Eq (6.22). Hence the minimum secondary anoxic sludge mass 
fraction is given by 
f 3 . x min 
(1 + s) oa (1 + bhTRs) 
2,86 sbi YhRs K3T 
(6.29) 
Only the a-recycle ratios falling between the lower and upper limits 
specified above are vali~ a-recycle ratios. 
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By analysing the process with a specified s-recycle ·ratio for 
increasing values of valid a-recycle ratios, then, if N > O, N ne ne 
and the optimal subdivision of fxdm into fxl and fx3 ' or, if Nne ~ 0, 
the total anoxic sludge mass fraction to just obtain N = 0, f d , ne x t 
and its optimal subdivision into fxl and fx3 can be plotted versus 
the a-recycle ratio. 
For design purposes where the process is to operate between temperatures 
T . and T , the following sequence of calcnlations needs to be made 
min max 
to check whether complete denitrification can be achieved and if so, 
to select the optimal process configuration: 
Step 1 Select wastewater characteristics; s ti' N ., ti fbs' f up' f us' 
)Jnm20' T max' T . min 
Step 2 Select R and Sf. s 
Step 3 Calculate f for T from Eq (5. 24). xm min 
Step 4 With f and R calculate sf for T from Eq (5.24). xm s max 
Step 5 Estimate N for T and T te max min 
Step 6 With f and f us' calculate N for T and T for up s max min 
selected R from Eq s (4.23). 
Step 7 Calculate N c 
from Eq (5.29). 
Step 8 Calculate D from Eq (6.20) for T and for T with 
PP max min 
f d given by Eq (6.23). x m 
Step 9 Select s, 0 and 0 . 
a s 
Step 10 Calculate f 1 . from Eq (6.21) for T and for T .. x min max min 
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Select the a-recycle ratio and calculate N for T . from 
ne min 
Eq (6.24). 
If N < 0, set N 
ne ne 0. 
With N calculate f 1 , f 3 and f d from Eqs (6.26 to 6.28). ne x x x t . 
Check that fxl ~ fxlmin and fx 3 ~ fxJmin" 
selected a-recycle ratio as invalid. 
If not, discard 
Repeat steps 12 to 15 for different a-recycle ratios, 
Repeat steps 12 to 16 for T max 
The analysis as to whether or not complete denitrification can be 
achieved must be undertaken at the lowest expected temperature (T . ), mi.n 
because the denitrification potential D 
pp 
decreases with decrease in 
temperature. If complete denitrification can be obtained at T . min 
(i.e. N ne < 0 from Eq (6.24) for some valid a-recycle ratio at the 
specified s-recycle ratio), then fxl is fixed at the highest expected 
temperature (T ). 
max In repeating the calculation at T max it will be 
found that f d at T is less than f d at T . , x t max . x t min and for a certain 
a-recycle ratio, there will be a minimum f d * The f 1 value x t x 
corresponding to the minimum f dt at T fixes the primary anoxic x max 
sludge mass fraction for both T and T . . Now f 3 is fixed at max min x 
the minimum expected temperature (T . ) at the fx3 value corresponding min 
to the fixed fxl value and the total anoxic sludge mass fraction fxdt 
for both Tmax and Tmin is given by fxl + fx3 . The fx 3 is fixed at 
T . because if it were fixed at T , then f d will be insufficient min · max x t . 
to achieve complete denitrification at T . because for fixed f 
1
, min x 
f d at T is less than f dt at T . . x t max x min With fxl and fxJ fixed for 
i~ 
If Tmax is less than about 18°C, a clear minimum cannot be discerned 
(see Fig 13a for l4°C). In this event any reasonable fxl can be selected 
with the proviso that complete utilization of the readily biodegradable 
COD can be assured even with a significant decrease in K120 (see.Eqs 6.12 
and 6.21). The existence of a minimum, and the temperatures above which 
it becomes discernable, depends much on the choice of the D.O. concentra-
tion in the recycles 0 and 0 . a s 
/ 
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both T and T . , the optimum performance of the process is achieved 
max min 
when it is operated at the a-recycle ratio corresponding to the fixed 
fxl value, this a-recycle ratio being the optimum a
0
. 
noted that with fxl and fx3 fixed, 
It should be 
(i) a
0 
decreases with decrease in temperature because Dpl decreases 
with decrease in temperature, and 
(ii) the use of any a-recycle ratio other than a results in a poorer 
0 
denitrification performance; if a < a , D 
1 
is not fully 
0 p 
utilized and if a > a , unnecessarily large quantities of D.O. 
0 
are discharged to the primary anoxic reactor. 
In the design of a Bardenpho process for a selected sludge age, if it 
is found that the total anoxic sludge mass fraction for complete 
denitrification fxdt is less than the maximum allowed fxdm' the 
following options are open: 
(1) fxl and fx3 can be increased to give an fxdt equal to fxdm" This 
introduces a factor of safety in denitrification by making an 
allowance for a reduction in the denitrification rates K at 20°C, 
a reduction in the influent readily biodegradable COD fraction fbs 
or minimum temperature (T . ) or an increase in influent TKN/COD min 
(2) 
ratio. 
The sludge age (R ) can be reduced so that f d becomes equal to s x m 
f d . The lower R will allow a saving in process volume (see x t s 
Fig 4.3). The lower Rs can be estimated as follows: Set fxdm 
equal to the fxdt required for complete denitrification at T . ; m1.n 
determine f from Eq (6.23); with f calculate R from 
xm xm s 
Eq (5. 20; to check, repeat step by step procedure with the new R . 
s 
Option (2) is not as good an alternative as option (1) because it 
excludes a factor of safety on the nitrogen removal. However, 
exclusion of a factor of safety on denitrification is not critical 
for N removal in the Bardenpho process because it achieves efficient 
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N removal with respect to the other N removal process (i.e. the MLE 
process) up to an effluent nitrate concentration of about 5-6 mgN/£. 
However, the exclusion of a factor of safety on denitrification for 
the Phoredox process may have serious consequences because the discharge 
of any nitrate to the anaerobic reactor severely reduces the P removal 
obtainable in the process. The effect of denitrification efficiency 
on excess biological P removal is discussed in detail in Chapter 7. 
6.3 When Complete Denitrification Cannot be Achieved 
In the Bardenpho process, if it is found that complete denitrification 
cannot be obtained, (i.e. N > 0 from Eq 6.24 for all valid a-recycle ne 
ratios at the specified s-recycle ratios) nitrate will be present in 
the effluent and f d will be equal to f d . Generally, if the 
x t x m 
objective is N removal only, the Bardenpho process will be appropriate 
only if N is 
. ne less than 5 to 7 mgN/£; when N > 5 to 7 mgN/£, -ne 
which will usually be the case if the TKN/COD ratio > 0,10 mgN/mgCOD -
the MLE process (Fig 6.4) will yield a better nitrogen removal 
efficiency for the particular wastewater. 
For the selected sludge age (Rs), factor of safety on nitrification 
(Sf) and wastewater characteristics (S . , N . , fb , T . , T , f , ti ti s min max up 
f ), the f (Eq 5. 20, N (Eq 5.29), f d (Eq 6.23) and D (Eq 6.25 us xm c x m pp 
with f 
1 
= f d ) for the MLE process are equal to those of the Bardenpho 
x x m 
process and are found by the identical procedure (i.e. steps 1 to 8 
given above). For the MLE process, the best denitrification performance 
is obtained when the anoxic reactor is just loaded with nitrate to its 
denitrification potential. For a specified s-recycle ratio, the 
mixed liquor a-recycle ratio which loads the anoxic reactor to its 
denitrification potential is the optimum a-recycle ratio, a , and will 
0 
yield the minimum effluent nitrate concentration. When the nitrate 
load imposed on the anoxic reactor by the a- and s-recycles (including 
D.O. concentrations in the a- and s-recycles of 0 and 0 mgO/£ a s 
respectively), is less than or equal to the denitrification potential 
(D ), the nitrate concentration in the outflow of the anoxic reactor 
pp 
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is zero and that in the aerobic reactor and effluent is N /(a+s+l) 
c 
i.e. the nitrification capacity "diluted" into the total flow entering 
the aerobic reactor. Equating the nitrate load on the anoxic 
reactor imposed by the a- and s-recycles (including the D.O. in the 
recycles) to the denitrification potential D and solving for 
PP 





= {-B + /cB 2 + 4AC)}/(2A) 
where A = 0 /2,86 
a 
B N -D + {(s+l)O + s.O }/2,86 
c pp · a s 
C (s+l)(D - sO /2,86) - sN pp s c 
(6.30) 
The effluent nitrate concentration N for any a-recycle ratio less than 
ne 
or equal to a
0 




N = N /(a + s + 1) mgN/£ 
ne c 
(6.31) 
In the design of an MLE process, it will be found the lower Nc is with 
respect to D (i.e. the lower the influent TKN/COD ratio) the lower 
pp 
the N and the higher the a . In practice, to operate an MLE process ne o 
with an a -recycle ratio greater than 6:1 will be uneconomical: the 
0 
increase in nitrate removal by increasing a from 6 to 10 is only 5% and, 
0 
therefore, will not be cost-effective with respect to the increased 
pumping costs. Hence, the N removal of the MLE process is restricted 
by a maximum a-recycle ratio of say 6, which results in a minimum N ne 
of 5 to 7 mgN/£. This restriction on the MLE process will not be a 
problem in practice because high a are only obtained for wastewaters 
0 
with low TKN/COD ratios (< 0,10 mgN/mgCOD) arid these wastewaters are 
more effectively treated in a Bardenpho process (see section above). 
Alternatively, if near-complete or complete N removal is not essential, 
the sludge age can be reduced; for a fixed TKN/COD ratio this reduces 
D (because f is reduced) with respect to N and hence reduces a . 
pp xm c o 
The optimum R for the fixed TKN/COD ratio can be found using the 
s 
6.39 
procedure set out above with <lifferent choices of R or, alternatively, 
' ' s 
the method of van Haandel, Dold and Marais (1982) can be used. 
The design procedure for N removal processes set out above will be 
demonstrated in the next section with the aid of worked examples. 
7. DESIGN EXA1'1PLES 
The design of biological N removal plant by means of the procedure 
set out above is demonstrated by continuing the numerical example 
given in Chapter 4, Section 12 (in which the design procedure for 
organic material removal was demonstrated) and Chapter 5, Section 6 
(in which the behaviour of nitrification was demonstrated). 
7.1 Variability of Wastewater Characteristics 
7 .1.1 
The nitrification rate, as expressed by the maximum specific 
growth rate of the nitrifiers at 20°C (µnm 20) is strongly dependent on 
the nature and source of the wastewater, so much so that it is 
considered a wastewater characteristic. The value can range from 
0,65/d in purely domestic wastewaters down to 0,20/d for wastewaters 
with a large industrial contribution. Owing to uncertainty in the 
µnm20 value for a particular wastewater, in the absence of any data 
on the µnmZO value, a low value, say between 0,3 to 0,4/d, needs to 
be selected to provide reasonable assurance that a safe design with 
respect to nitrification will be obtained 
see Chapter 5, Section 4.1). In this design example, a value of 
0,36/d is selected to demonstrate the situation in a design with a 
relatively low µnmZO value (see Tables 6.1 and 6.2). 
* the type of industry referred to here is that which produces 
effluents which inhibit biological activity, e.g. metal finishing 
industry, plating works, paint production plants etc. 
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7 .1. 2 
The denitrification rates K at 20°C are reiatively insensitive to 
the nature and source of the wastewater. Ho~ever, different values 
have been observed with different wastewaters - in instances where 
* the wastewater contains an appreciable industrial contribution, 
reduced denitrification rates may be encountered. The denitrification 
rates used in this design example are the mean values found in the 









-N/(mgVASS.d) (se~ Table 6.2). 
These values were found on Strandfontein wastewater, which is an 
approximately average wastewater with a relative small industrial 
contribution. For most normal municipal wastewaters encountered in 
South Africa the denitrif ication rates given above are likely to 
result in a sufficiently accurate estimate of the denitrification 
potential of the process. Where there is doubt regarding the 
applicability of these rates, it is recommended that they are reduced 
by a factor of safety on denitrification, i.e. by about 1,1 to 1,2 
times. The magnitude of the factor of safety should reflect the 
uncertainty in the applicability of the average denitrification rates 
given in this monograph. 
7 .1.3 
The readily biodegradable COD fraction of a wastewa~er can vary 
considerably depending on the composition and origin of the various 
contributions that make up the wastewater. It has been found that 
in approximately normal principally domestic raw wastewater, 
approximately 20% of the total (or 25% of the biodegradable) COD is 
readily biodegradable. However, where industrial wastewaters 
containing a high biodegradable organic material content are dis-
charged to the municipal sewerage system, significantly higher 
* Industries producing biodegradable wastes e.g. malting factories, 
breweries, fruit and vegetable processing factories, etc. do not 
fall in this group as these may promote biological N and P removal. 
(see Section 7.1.3). 
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readily biodegradaple COD fractions can be encountered. For 
example, yeast factories, breweries, malting processes and fruit 
and vegetable juicing and canning industries produce wastewaters 
with high readily biodegradable COD fractions. Municipal waste-
waters containing contributions from these sources can have 
relatively high readily biodegradable COD fractions deperiding on 
the magnitude of the industrial discharges. 
Many factors can reduce the readily biodegradable COD fraction of 
a wastewater. For example the discharge of waste biological 
sludge to the sewerage system for sludge handling at treatment works 
lower down the sewer line can deplete a wastewater of all the 
readily biodegradable COD, particularly if the combined flow is 
lifted by Archimedian screw pumps. 
Chapter 3, Section 3.2. 
Further examples are cited in 
The above examples demonstrate that the readily biodegradable COD 
fraction can differ significantly between different wastewaters. 
Consequently, it is recommended that whenever possible, the fraction 
should be measured. The importance of this fraction in biological 
nitrogen (and phosphorus) removal is such:that it is always worth 
"j~ 
the effort of measuring it. 
It should be noted that the readily biodegradable COD fraction (as 
defined by Eqs 2.8 and 2.9) is affected by primary sedimentation. 
This is because primary sedimentation removes a large fraction of 
the particulate COD but very little soluble COD. Consequently, the 
readily biodegradable COD concentrations (Sbsi) are approximately 
the same before and after primary sedimentation but, because the 
total or biodegradable COD (S ., Sb.) has been significantly reduced ti i 
in the primary settlers, the readily biodegradable COD fraction (fts' 
fbs) of the settled wastewater is increased (see Chapter 2, Section 2). 
-J: 
The readily biodegradable COD fraction fts (or fbs) or the actual 
concentration Sbsi cannot be measured directly. · Its measurement 
requires the operation and monitoring of a single completely mixed 
activated sludge process at a very short sludge age under daily 
cyclic square wave loading -conditions (see Appendix 2). 
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For the design example it will be assumed that the readily biodegradable 
COD fraction with respect to the biodegradabl1: COD fbs for the raw 
wastewater is 0,24, i.e. the value found for approximately normal 
principally domestic raw wastewaters. The readily biodegradable 
COD fraction (fbs) of the settled wastewater assuming that primary 
sedimentation removes 40% of the total COD but only 10% of the readily 
biodegradable COD is 0,33. (see Table 6.1 Chapter 4, Section 12.1 and 
Chapter 2, Section 2). 
Table 6.1 Raw and settled wastewater characteristics important for 





Maximum specific growth 




I at 20°C Kl 0, 720 I o, 720 1 mgN03-N/ I 
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Readily Biodegradable 'f( 
fbs 0,24 0,33 
COD fraction 
,,~ 
Note increase on fbs fraction in settled wastewater (see 
Section 7.1.3) - based on a 40% total COD decrease and a 
10% readily biodegradable COD decrease in the primary 












7.2 Effect of Temperature 
From the kinetics of denitrification discussed above, it is clear 
that the denitrification rates K1 , K2 and K3 
all decrease with 
decreasing temperature. This, combined with the fact that the 
maximum specific growth rate of the nitrifiers at 20°C (µnmZO) also 
decreases with decreasing temperature has the result that the 
critical condition for the nitrogen removal process is the 
average minimum wastewater temperature. The design completed for 
average m1n1mum wastewater temperature (T . ) lS m1n checked at the 
average max1mum wastewater temperature (Tma) because the oxygen 
demand per unit COD load lncreases as the temperature increases. 
To facilitate the calculations of the design example at T . = 14°C 
m1n 
the 
and Truax = 22°C, the denitrification rates K1 , K2 and K3 are adjusted 
for temperature in Table 6.2. Temperature adjustment of µnmZO and 
b is given in Table 5.3, but for convenience is repeated in Table 6.2. 
n 
Table 6.2 Temperature adjustment of the denitrification rates 
K
1
, K2 and K3 
Constant' Symbol 20°C e 14°C 22°C Eq.No. 
1st Denit. rate ~c 
in Prim.Anoxic Kl20 0, 720 
2nd Denit. rate * 
in Prim.Anoxic K220 
0,101 
Denit. rate ln * 
Second Anoxic K320 
0,072 
Max.Spec.growth 









t Units: per d. 
1,200 0,241 1,036 6.12 
1,080 0,0636 0,1178 6.13 
1,029 0,0607 0,0762 6.10 
1,123 0,18 0,45 5.13 
1,029 0,034 0,042 5.14 
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7.3 Maximum Unaerated Sludge Mass Fraction 
This aspect is discussed in detail in Chapter 5, Section 4.4 but it 
is briefly repeated here because sizing of the maximum unaerated 
sludge mass fraction is one of the most important decisions in the 
design of a nutrient removal process. 
For nitrogen removal processes, the larger the unaerated sludge mass 
fraction (f ) the greater the nitrogen removal and the lower the xt 
effluent nitrate concentration. Generally at a minimum temperature 
of 14°C, to obtain an fxt of 0,50 for favourable µnm20 values ( 0,40/d), 
a sludge age of 15 to 20 days is required to ensure nitrification 
(Sf= 1,25) (see Eq 5.24); for less favourable µnm 20 values (between 
0,3 and 0,4/d), the required sludge age is 20 to 30 days (see Fig 6.14). 
Now because the volume of the process is directly proportional.to the 
mass of sludge in it (see Chapter 4, Section 6) a 30 day sludge age 
process will require a process volume about 1/3 larger than a 20 day 
one. Consequently, for unfavourable µ values it may be preferable nm20 
to accept a lower f and a higher effluent nitrate concentration - a 
xm 
reduction of f from 0,50 at R 30 days to f 0,40 at R = 22 days 
xm s xm s 
results in a 30% saving in process volume and an increase in effluent 
nitrate concentration of 6 mgN/£ (for an influent COD of 600 mg/£ and 
TKN/COD ratio of 0,10). The above argument applies also to favourable 
)lnm20 values because, depending on the effluent quality requirements, 
it may be acceptable to design a 15 day sludge age process with an 
effluent nitrate concentration of 5 mgN/£ rather than a 20 day process 
which can achieve complete denitrification (depending on the TKN/COD 
ratio). Also, for instances where both the µnm 20 and TKN/COD ratio 
are unfavourable, a 20 day sludge age process with external energy 
source addition, to augment denitrification, may be a more economical 
process than a 35 day process. Clearly, the decision on the unaerated 
sludge mass fraction and sludge age of the process should not be taken 
too lightly, because with these two parameters fixed~ the N removal of 
the process with the influent and self-generated energy sources is 
fixed, so that with fixed influent wastewater characteristics, the 
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Fig 6.14 Maximum unaerated sludge mass fraction versus sludge age 
for different maximum specific growth rates of the nitri-
fiers at 20°C (µnm 20 J at 14°C and factor of safety (Sf) 
of 1,25. (From Eq 5.24). 
For the wastewater characteristics of the design example i.e. T = 
14°C and µnm20 = 0,36/d (see Tables 4.3 and 5.2) and accepting a 
factor of safety on nitrification Sf = 1,25, a 25 day sludge age process 
is required for f 0,50 (see Chapter 5, Section 4.4 and Fig 6.1~). xm 
As this· sludge age is not excessively long for f ~ 0,50, a 25 day 
xm 
sludge age process will be accepted for a preliminary design analysis. 
7.4 Nitrification 
Because a factor of safety of 1,25 was imposed in the design of the 
unaerated sludge mass fraction and sludge age, the minimum sludge 
age for nitrification is sufficiently below the actual sludge age to 
assure that complete nitrification will take place i.e. the 
effluent TKN concentration can be assumed to be 3 mgN/£. (see 
Chapter 5, Section 4.4). This can be checked by repeating the 
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nitrification calculations given in Chapter 5 for 25 days sludge 
age. 
For the raw wastewater characteristics (i.e. f = 0,13 mgCOD/mgCOD, up 
f = 0,05 mgCOD/mgCOD, T . = 14°C, S . = 600 mgCOD/£ - see Tables 
us min ti 
4.3 and 5.2) and 25 days sludge age, and accepting the nitrogen 
content of the volatile solids f to be 0,10 mgN/mgVSS, the nitrogen 
n 




0,45 (1 - 0,05 - 0,13) 0 13 l 
(1 + 0,20.25) (1 + 0,2.0,20.25) + 1:48 J 
600.0,021 12,6 mgN/£. 
The nitrification capacity 
the raw wastewater at 14°C 




48 - 12,6 - 3 32,4 mgN/£. 
i.e. 
The nitrification oxygen demand is found from Eq (5.39) i.e. 
M(O ) 
n 
4,57. N . Q 
c 
6 
4,57. 32,4. 13,33. 10 mgO/d 
1973 kgO/d. 
The above calculations for N , N and M(O ), includ-
s c n 
for 
ing those for the raw wastewater at 22°C and the settled wastewater 
at 14°C and 22°C, are tabulated in Table 6.3. 
In the design,because it is intended to reduce the nitrate concen-
tration as much as possible, the Alkalinity change in the wastewater 
will be minimized: Assuming that 80% of the nitrate formed is 
denitrified, the alkalinity change 6Alk = 7,14.N - 3,57. (Nitrate c 
denitrified) =-7,14. 32,4 + 3,57. 0,80. 32,4 = -139 mg/£ as Caco3 . 
6.46 
With an infl~ent Alk of 200 mg/£ as Caco
3 
(see Table 5.2) the effluent 
Alk = 200 - 139 = 61 mg/£ ,a~ c·aco3 , which, from Fig 5.6, will main-
tain a pH above 7, (see Chapter 5, Section 4.3). 
7.5 Denitrification 
Accepting a sludge age of 25 days, which allows a maximum unaerated 
sludge mass fraction f of 0,50, the denitrification behaviour of the xm 
Bardenpho and MLE processes will be demonstrated for the typical raw 
and settled wastewaters at 14°C and 22°C. 
In the calculations it will be assumed that there is a dissolved 
oxygen concentration of 2 mgO/£ in the interconnecting flows from the 
aerobic to the anoxic reactors (i.e. 0 = 2 mgO/£) and 1 mgO/£ in the 
a 
underflow recycle from the secondary settling tank (i.e. 0 = 1 mgO/£). s 
* The underflow recycle ratio (s) is assumed to be 1:1. 
For nitrogen removal processes, the maximum anoxic sludge mass fraction 
(f d ) is equal to the maximum unaerated sludge mass fraction (f ) xm xm 
i.e. f d ·= 0,50 (see Eq 6.23). The denitrification potential of the 
x m 
primary anoxic reactor at l4°C with fxl = fxdm = 0,50 for the raw 
wastewater is found from Eq (6.20) (see Eq 6.25) 





13,8 + 29,3 
43,1 mgN/£. 
This is usually fixed at a value such that satisfactory settling 
tank operation is obtained. Secondary settling tank behaviour 
is described in Chapter 8. 
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The D values for the raw wastewater at 22°C and those for the 
PP 
settled wastewater at .14°C and 22°C are listed in Table 6.3. 
The minimum primary and secondary anoxic sludge mass fractions 
(f 
1 
. and f 
3 
. ) are found from Eq (6.21) and Eq (6.29) 
x min x min 
respectively. For example for the raw wastewater at 14°C, 
f = 0,24(1-0,45.1,48)(1+0,20.25) 
xlmin 2,86.0,241.0,45.25 
= 0,062 and 
f 3 . x min 
= ~-----'-( l_+_l...:....)_2-<-, 0_(.:....1_+_0-<-, 2_0_._2_5'-) ___ _ 
(l-0,05-0,13)600.0,45.25.0,0607.2,86 
= 0,025 
The values for the raw wastewater at 22°C and those for the 
settled wastewater at 14°C and 22°C are given in Table 6.3. 
At this stage of the design procedure, we have collected all the 
information necessary to check whether or not complete denitrification 
can be achieved i.e. steps 1 to 11 of the step by step procedure have 
been completed. 
Continuing the procedure with step 12, a valu•e for the a-recycle 
ratio is selected and the effluent nitrate concentration is calculated 
from Eq (6.24). s·electing a = 3, 3 then for the raw wastewater at 14 °C, 
N ne 
= { 32 '4 
3,3+1+1 
+ 2 286}{3,3 + 0,0636 (l+l)} + . .l:l_ - 43,1 
' 0,0607 2,86 
{0,0636 + 1(0,0636 - l)} 
0,0607 0,0607 
-5,47 mgN/£ 
Because N < 0,0, N must be set equal to zero. Setting N = 0 ne ne ne 
and substituting into Eq~ (6.26 to 28) y~elds the optimum primary (fx1), 
6.48 
' ·. 
Table 6.3 Summary of design calculations for the Bardenpho and MLE processes 
treating raw or settled wastewater at 25 days sludge age. 
Wastewater characteristics given in Tables 4.3, 5.2 and 6.1. 
-
! Raw Wastewater Settled Wastewater I 
Parameter i Symbol Units 
I I Bardenpho I I MLE ; Bardenpho MLE --
I Temperature T oc 14 22 14 22 14 22 14 i 
i I I I 
Safety factor sf 1, 251 2,7 i 1,25 2,7 i 1,2512, 7 i1,25 I 
I I I I 
o,5olo,5o Hax.unaerated sludge mass f 0,50 i 0, 50J 0, 50 0,50! 0,50 xm 
I 
I 
i I I 
Effluent TKN Nte mgN/£ 3,0 2,0 l 3 ,o I 2,0 I I 2,0 j 3,0 ,3,0 I 
production I mgN/ .e I I 5 7 N for sludge N 12,6 Jl2,0 12,6 12,0 5,7 5,4 s ' i 
Nitrification capacity N · mgN/ .e 32,4'34,0 32,4 34,0 32,3 33,6 32,3 c 
,~itrif. oxygen demand M(O ) kgO/d 1973 2071 1973 2071 1961 2046 1961 n 
.Jax. anoxic sludge mass fxdm 0,50i0,50 0,50 0,50 0,50 0,5010,50 
I I 
··fax. denit. potential D l mgN/ .e 43,1158,7 43', 1 58,7 31,1 41,2 31,1 pp ' i 
!2,0 D.O. in a-recycle 0 j mgO/ .e 2,0 12 ,0 2,0 2,0 2,0 2,0 a 
D.O. in s-recycle 0 mgN/£ 1,0 11,0 1,0 1,0 1,0 1,0 1,0 s 
Underflow ratio s recycle 1,0 Jl,O 1,0 1,0 1,0 1,0 1,0 
Min.Prim. anoxic f 0 ,06210' 017 - - 0,085 0,0291-xlmin 
Min.Sec. anoxic f 3 . 0,0240,023 - - D,039 0,036 x min 
Optimum a-recycle ratio a 3,3 5,0 ~ 7' 2'~ ~6,o* 2,2 
0 
Effluent nitrate N mgN/£ 0,0 0,0 1 7* 
' 





anoxic fxl 0,16 0,16 0,50 0,50 0,30 
anoxic fx3 0,24 0,19 - - 0,20 
anoxic f xdt 0,40 0,35 0,50 0,50 0,50 
*These are the theoretical results from Eqs (6.30 and 6.31). 
Owing to an economical upper limit to the mixed liquor 
a-recycle ratio, these theoretical a values should not be 
0 




































) and total (f d ) anoxic sludge rriass fractions just to 
x x t 
achieve complete denitrification with an a-recycle ratio of 3,3 i.e. 
{ 32, 4 + 
3,3+1+1 
_2_} 3 3 (0 _l_) 1 - 0,24.0,334.492 
2,86 , + +2,86 2,86 
= O, 16 
492 0,45.25 0 0636 (l+0,20.25) . 
32, 4 2 0,0636} 
{(l+l)[3,3+1+1 + ~ - O] 0,0607 
= o, 24 
492 °· 45 •25 0 0636 l+0,20.25 , 
fxdt = 0' 40 
The above calculation is repeated for different values of a. The 
results of Nne' fxl' fx3 and fxdt are shown plotted versus a in 
Fig 6.15a. Repeating the design procedure at 22°C (steps 12 to 15) 
for the raw wastewater produces the results shown in Fig 6.15b (see 
also Table 6.3). 
Figure 6.15 shows that, for the raw wastewate1•, complete denitrifica-
tion can be achieved at 14°C for any a-recycle ratio> 1,8 (Fig 6.15a). 
'i< 
At 22°C (Fig 6.15b), a minimum f d for complete denitrification of x t 
0,35 occurs at a = 5,0. The fxl corresponding to a = 5,0 is 0,16 
and this fixes the design value of fxl for both 14°C and 22°C. Now 
if fx
3 
is fixed at 22 °C at the value corresponding to fxl i.e. 
fx3 = 0,19 (Fig 6.15b), then fxdt will be insufficient to achieve 
complete denitrification at 14°C; for a fixed fxl' fxdt at 14°C is 
>< 
If Tmax is less than 18°C, a clear minimum cannot be discerned (see 
Fig 6.15a at 14°C). In this event, any reasonable fxl can be selected 
with the proviso that complete utilization of the readily biodegradable 
COD can be assured even with a significant decrease in K120 (see Eqs 
6.12 and 6.21). The existence of a minimum, and the temperature above 
which it becomes discernable, depends much on the choice of the D.O. 












Fig 6.15 Primary (fx1J, secondary (fx3J, total (fxdt) and 
maximwn allowable (fxdm) anoxic sludge mass fractions 
and effluent nitrate concentrations (N ) versus mixed ne 
liquor a-recycle ratio for the Bardenpho process 
treating raw wastewater at 25 days sludge age at 14°C 
(left Fig 6.15a) and 22°C (right Fig 6.15b). 
greater than fxdt at 22°C (compare Figs 6.15a and b). Hence fx3 is 
fixed at 14°C at the value corresponding to fxl = 0,16 i.e. fx 3 = 
0,24 (Fig 6.15a). 
14°C and 22°C. 
Hence fxdt = 0,40 for complete denitrification at 
With fxl and fx3 fixed for both 14°C and 22°C, the optimum perfor-
mance of the process is achieved when it is operated at the a-recycle 
ratio corresponding to the fixed fxl value, this a-recycle ratio 
being the optimum a ; 
0 
a = 5,0 (Fig 6.15b). 
0 
at 14°C, a = 3,3 (Fig 6.15a) and for 22°C, 
0 
This demonstrates that as the temperature 
increases, the a-recycle ratio needs to be increased to maintain 
optimum performance. This is because with increase in temperature, 
the denitrification potential of the primary anoxic reactor (Dpl) 
increases and consequently more nitrate must be recycled to it to 
fully utilize its Dpl' It should be noted that with fxl and fx3 
fixed, the use of any a-recycle ratio other than a results in 
0 
poorer denitrification performance: 
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if a < a D is not fully o' pl 
utilized and if a > a , unnecessarily large quantities of D.O. are 
0 
discharged to the primary anoxic reactor. 
The design parameters calculated above are summarized in Table 6.3. 
The design procedure for the settled wastewater at 14 °C and 22 °C 
was repeated and the results are shown plotted in Figs 6.16a and b 
respectively. At 22°C (Fig 6.16b), a ~in1mum effluent nitrate 
* concentration of 1,7 mgN/£ is obtained with a= 5,0. The fxl 
corresponding to a = 5,0 is 0,30 and this value fixes fxl" Now 
because the maximum anoxic sludge mass fraction is fully utilized 
i.e. fxdt = f f is fixed at the difference between f d and xdm' x3 x m 
fxl i.e. fx3 = 0,20. Hence fxl and fx3 are fixed at 0,30 and 0,20 
respectively for 14°C and 22°C. The optimum a-recycle ratio is 
5,0 at 22°C yielding an effluent nitrate concentration of 1,7 mgN/£ 
and that at 14°C is 2,2 (i.e. the value corresponding to fxl = 0,30, 
Fig 6.16a) yielding N = 4,9 mgN/£. The design results are ne 
listed in Table 6.3. 
The design calculations above show that with the raw wastewater, 
complete denitrification can be obtained and is achieved with a 
total anoxic sludge mass fraction (fxdt) of 0,40 whereas 0,50 is 
allowed (f d ) . x m As N removal only is important in this example, 
the Bardenpho process is appropriate and (i) if a factor of safety 
for complete denitrification is required, either option 1 (see 
Section 6 above) can be taken i.e. f xl and f x3 
are increased such 
f + f = f = f = 0,50 or (ii) if no factor of safety for xl x3 xdt xm 
that 
complete denitrification lS required, option 2 can be taken i.e. the 
sludge age can be reduced such that f = f di- = 0,40. 
xm x -
For the settled wastewater, complete denitrification cannot be 
achieved at both l4°C and 22°C. Because the maximum anoxic sludge 
mass fraction is fully utilized (i.e. fxdt = fxdm = 0,50), the 
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Fig 6.16 Primary (fx1J, secondary (fx3J, total (fxdt) and 
maximum allowable (fxdm) anoxic sludge mass fractions 
and effluent nitrate concentration (N ) for the ne 
Bardenpho process treating settled wastewater at 
25 days sludge age at 14°C (left, Fig 6.16a) and 
22°C (right, Fig 6.16b). 
denitrification efficiency can be improved only by increasing the 
sludge age of the process. However, the increase in sludge age 
is at the expense of an increased process volume. A sludge age 
"' of 40 days, which allows f = f d = 0,60, is required to xm x m 
produce complete denitrification at 14°C (found by trial and error 
using design procedure). From Eq (4.21) an increase in sludge 
age from 25 to 40 days represents an increase in process volume 
of about 40%. Such a large increase in volume may not 
merited for an improvement in effluent nitrate concentration from 
5 to 0 m.gN/£. Consequently a sludge age of 25 to 30 days is 
considered the maximum economical sludge age beyond which there 
is little cost effective improvement in denitrification efficiency. 
If complete denitrification must be achieved, it may be preferable to 
treat raw wastewater at 20 days sludge age which allows an f d 
x m 
* This is the recommended upper limit for the maximum unaerated 
sludge mass fraction (see Chapter 5, Section 4.4). 
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= f = 0,40 (see Fig 6.15a). Although this increases the process xm 
volume by 80% it removes the problem of primar·y sludge disposal. 
Alternatively, when treating settled wastewater, and complete 
denitrification must be achieved, a 20 day sludge age process with 
readily biodegradable COD addition to the primary or secondary 
"/~ 
anoxic reactor may be economically viable - if 60 mgCOD per litre 
influent readily biodegradable COD is added to the plant, complete 
denitrification will be obtained with settled wastewater at 14°C 
and 20 days sludge age. For the design flow of 13,3 M£/d, the 
COD addition is 60.13,3 = 800 kg/d i.e. 10% of the raw wastewater 
COD load. 
If complete denitrification is not essential, the Bardenpho process 
as designed for the settled wastewater i.e. sludge age = 25 days, is 
appropriate. Alternatively, the feasibility of an MLE process can 
be checked to see whether or not this process may yield a more 
economical design. 
demonstrated below. 
The design procedure for the MLE process is 
The design procedure for the MLE process is identical to that for the 
Bardenpho process up to step 9 of the ~tep by step procedure. For . 
the same design conditions of the Bardenpho process (i.e. R 25 days 
s 
etc), the results for the MLE process are listed in Table 6.3 and can 
be seen to be identical to those of the Bardenpho process. Subs ti tut-
ing the values for the nitrification capacity N and denitrification 
c 
potential D into Eqs (6.30 and 6.31), the optimum mixed liquor 
PP 
a-recycle ratio a and minimum effluent nitrate concentration N are 
o ne 
obtained; e.g. for the settled wastewater at ]t/°C -
A 2/2,86 = 0,70 
B 32,3-31,1 + {(1+1)2 + l.l}/2,86 + 2,95 
c = (1+1)(31,1 - 1.1/2,86) - 1.32,3 = + 29,2 
* Assuming that Nne = 7,0 mgN/£ at Rs = 20 days (i.e. 2 mgN/£ greater 
than at Rs= 25 days), the COD consumption for its removal is 7,0.8,6 
= 60 mgCOD/£ influent. 
Hence 
a = {-2,95 + /"2,95 2 + 4.0,70.29,2'}/(2.0,70) 
0 
N ne 
= 4,7 and 
32,3/(4,7 + l+l) 4,8 mgN/£. 
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The above results, as well as those for the settled wastewater at 
22°C and those for the raw wastewater at 14°C and 22°C are listed 
in Table 6.3. 
The results show that for all cases except one (i.e. for settled 
wastewater at 14°C), the optimum mixed liquor a-recycle ratio a 
0 
exceeds 5. Although these results include the discharge of 
dissolved oxygen to the anoxic reactor, recycle ratios above 4 to 
5 are not cost effective - the small decrease in effluent nitrate 
concentration (N ) which an increase in a-recycle ratio from ne 
5 to 10 produces does not warrant the additional pumping costs (e.g. 
for N = 33, N = 4,7 for a= 5 and 2,7 for a= 10). Consequently, 
c ne 
the a-recycle ratio is limited at 5, which results in a minimum N ne 
from the MLE process of about 5 to 6 mgN/£ for most municipal 
wastewaters. Hence for N removal processes, if effluent nitrate 
concentrations lower than 5 to 6 mgN/£ are required, the Bardenpho 
process is the indicated process because this process can achieve 
low N with low a-recycle ratios. 
ne 
Comparing the Bardenpho and HLE processes, (see Table 6.3) if the 
effluent quality standards require that complete or near complete 
denitrification must be produced, then the Bardenpho process is 
the more superior process for both the raw and settled wastewaters. 
However the process needs to be operated at a sludge age of about 
20 days for the raw wastewater yielding complete denitrification) 
and at least 30 days for the settled wastewater (yielding an 
effluent nitrate concentration of about 3 mgN/£) - the settled 
wastewater process will have a smaller volume than the raw wastewater 
process but will have the additional problem of primary sludge 
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disposal. Alternatively, if complete denitrification is not 
necessary and an effluent nitrate concentration of 5 to 6 mgN/£ is 
acceptable, the MLE process will be an acceptable process. For 
the raw wastewater, a sludge age of only 15 days (yielding f xm 
f = 0,32) is sufficient to produce an effluent nitrate concentra-
xdm 
tion of about 5 mgN/£ with the MLE process and for the settled 
wastewater, a sludge age of 25 days will yield an effluent nitrate 
concentration of about 5 mgN/£. 
7.6 Process Volume and Oxygen Demand 
7.6.1 Process Volume 
Having determined the subdivision of the sludge mass into anoxi.c and 
aerobic fractions to achieve the required nitrogen removal, the actual 
sludge mass in the process needs to be calculated to determine the 
volumes of the different reactors. The mass of total (MLSS) or 
volatile (MLVSS) sludge in the activated sludge process for a 
selected sludge age and wastewater characteristics is given by Eq 
(4.21) (see Chapter 4, Section 4) i.e. for the given raw and settled 
wastewater characteristics, the MLSS sludge mass in the process at 
25 days sludge age and 14°C is 54200 and 21850 kgTSS respectively. 
'le 
Selecting an MLSS concentration in the process of 4000 mg/£ (i.e. 
4 kg/m3 ), the volume of the process treating raw wastewater is 
13550 m3 and that treating settled wastewater is 5460 m3 • Now, 
because the sludge mass in the nitrogen removal processes is 
uniformly distributed in the process, i.e. each reactor has the same 
MLSS concentration, the volume fractions of the reactors are equal 
to the sludge mass fractions. Accepting the Bardenpho process 
design for the raw and settled wastewaters (see Table 6.3) the 
volume of the reactors are found directly from the sludge mass fraction 
and total process volumes; reactor retention times, nominal and 
actual are found from the reactor volumes and the nominal and total 
flows passing through them - see Table 6.4. Note that the reactor 
nominal retention time is a consequence of the mass of sludge 
* . . . . 
A method for estimating the reactor MLSS concent,ration for design condition 
is as follows: for a selected Xe calculate the process volume requirements. 
For accepted settling characteristics of the sludge, calculate the required 
settler surface area for the selected Xt (see Chapter 8). Estimate the com 
bined cost of the process and settling tanks. It will be found that as Xt 
increases the cost of the process decreases but the cost of the settling tan 
increases. The Xt that gives the minimum combined cost is the indicated ML 
concentration (usually between 3000 and 6000 mgTSS/£ with settled wastewater 
being lower than raw wastewater). 
.. 
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Table 6. 4 Reactor volumes, nomfnal and actu'al retention times for 
the Bardenpho process treating the typical raw and settled 
wastewater at 25 days sludge age. For process performance 
see Table 6.3. 
Process Parameter Symbol 
Raw Settled Units 
Wastewater Wastewater 
Sludge mass M Xt 54200 21850 kgTSS 
MLSS concentration x t 4000 4000 mg/£ 
Total volume v 13550 5460 m3 p 
Total flow Q 13330 13330 m3 /d 
Total nom.retention R 24,4 9,8 hr nt 
Mixed liq.recycle (14°C) a 3,3 2,2 
Und. recycle s 1,0 1,0 
Primary anoxic 
Mass fraction f xl - 0,20 0,30 
Volume 2710 1640 m3 
Norn. ret. time · 4,9 2,9 h 
Actual r.et. time 1,13 0,92 h 
l'lain aeration 
;'~ 
Mass fraction 0,45 0,45 
Volume 6100 2460 ml 
Nom.r.et.time 11,0 4,4 h 
Actual r.et. time 2,6 1,4 h 
Secondary anoxic 
Mass fraction fx3 0,30 I 0,20 
Volume 4060 1090 m3 
Nom.ret.time 7,3 2,0 h 





Mass fraction 0,05 0,05 
Volume 680 270 m3 
Nom.ret.time 1,2 0,50 h 
Actual ret.time 0,6 0,25 h 
'1~ 
The reaeration reactor is usually taken to have a sludge mass fraction 
of around 0,05 to 0,07 and this fraction is deducted from the aerobic 
sludge mass fraction; the remaining aerobic sludge mass fraction 
constitutes the main aeration sludge mass fraction. 
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generated from the influent COD load, the selE~cted MLSS concentration 
and the sludge mass fraction - the retention time per se has no 
significance in kinetics of nitrification and denitrification (see 
Chapter 4, Sections 6 and 12). 
7.6.2 Daily Average Total Oxygen Demand 
The total oxygen demand in a nitrogen removal process is the sum of 
that required for carbonaceous material (COD) degradation and 
nitrification, less than recovered by denitrification. The daily 
average oxygen demand for (i) carbonaceous material removal (MO ) 
' c 
is given by Eq (4.15) (see Chapter 4, Section 7), and (ii) nitrifica-
tion is given by Eq (5. 39) (see Section 7. 4 above and Chapter 5, Section. 
6.5) and these oxygen demands in the Barclenpho process at 25 days 
sludge age for the typical raw and settled wastewaters at 14°C and 22°C 
are listed in Table 6.5. 
The oxygen recovered by denitrification (MOd) is given by 2,86 times 
the nitrate mass denitrified (see Section 1.3) where nitrate mass 
denitrified is the product of the daily average influent flow Q and 
the nitrate concentration denitrified. The nitrate concentration 
denitrif ied is given by the difference in the nitrification capacity 
N and the effluent nitrate concentration: Hence 
c 
2,86. (N -N )Q 
c ne (6.32) 
From the denitrification performance data of the Bardenpho process 
in Table 6.3, the oxygen recovered by denitrification for the typical 
raw and settled wastewaters are listed in Table 6.5. 
For the raw wastewater, Table 6.5 shows that (i) the nitrification 
oxygen demand (MO ) is about 40% that required for COD removal (MO ), 
n c 
(ii) about 60% of MO can be recovered by incorporating denitrification, 
n 
(iii) the additional oxygen demand by incorporating nitrification and 
denitrification is only 15% of that required for COD removal only and 
(iv) the effect of temperature on the total oxygen demand is marginal 
- less than 3% (see also Fig 6.1). 
Table 6.5 Daily average oxygen demand (in kgO/d) in the 25 day 
sludge age Bardenpho -process ·for 1 tlie typical raw and 
settled wastewaters at 14°C and 22°C 
Oxygen Demand Raw Settled 
kgO/d 
Symbol 
14°C 22°C 14°C 22°C 
·k M(O ) 1. Carbonaceous c +5105 +5205 +3287 +3352 
*i'\ M(O ) 2. Nitrification +1973 +2071 +1961 +2046 n 
-/c"';'c;~ 
M(Od) 3. Denitrification ' -1235 -1296 -1048 -1216 
4. Total M(Ot) +5843 +5980 +4200 +4185 
* See Chapter 4, Section 12.3, Eq (4.27) _ 
** See Section 7.4 above 
*** From Eq (6.32) and Table 6.3 
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For the settled wastewater, Table 6.5 shows that (i) the nitrification 
oxygen demand is about 60% of that required for COD removal, (ii) about 
50% of the nitrification oxygen demand can be recovered by denitrifica-
tion, (iii) the additional oxygen demand by incorporating nitrification 
and denitrification is about 30% of that required for COD removal only 
and (iv) the effect of temperature on the total oxygen demand is 
marginal - less than 3% more at the lower te~Jerature. 
Comparing the oxygen demand for the raw and settled wastewaters, it 
can be seen that the total oxygen demand for the latter is about 30% less 
than that of the former. This saving is possible because primary 
sedimentation removes 35 to 45% of the raw wastewater COD (see Chapter 
4, 8ection 12 and Chapter 5, Section 6.5). Furthermore for the 
settled wastewater, the nitrification oxygen demand is a greater 
proportion of the total, and also, less of the nitrification oxygen 
demand can be recovered by denitrification compared to the raw waste-
water. These effects are due to the higher TKN/COD ratio of the 
settled wastewater. 
Generally for design, preliminary estimates of the total daily average 
oxygen demand can be roughly approximated with the following: 
i) including complete nitrification; 
M(Ot) = {l + 5 f } M(O ) ns c (6.33) 
ii) including complete nitrification, and denitrification to the 
degree possible depending on the TKN/COD ratio (see Fig 6.17) 
M(Ot) = {l + 2 f } M(O ) (6.34a) ns c 
for f < 0,09 (i.e. effluent nitrate < 2 mgN/£) ns 
= {l + 2 f [l+lO(f -0,08)]}M(O) ns ns c 
for f > 0,09 (i.e. effluent nitrate > 2 mgN/£) ns 
where f = influent TKN/COD ratio. ns 
(6.34b) 
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These equations, in conjunction with the carbonaceous oxygen demand 
M(Oc) equation in terms of the influent COD load (MSti) (see 
Chapter 4, Section 7) will allow the calculation of preliminary 
estimates of the daily average total oxygen demand in nitrogen 
removal processes between sludge ages of 15 to 30 days for raw and 
settled wastewaters for known influent COD loads and TKN/COD ratios. 
Knowing the average daily total oxygen demand, the peak total oxygen 
demand can be roughly estimated by means of a simple design rule. 
From a large number of simulations with the general dynamic model, 
it was found that provided the factor of safety on nitrification 
(Sf) is greater than 1,25 to 1,35, the relative amplitude {i.e. 
(Peak-Average)/Average} of the total oxygen demand is a fraction 
0,50 of the relative amplitude of the total oxygen demand potential 
of the .influent COD and TKN load {i.e. Q(S . + 4,57.N .)}. For ti ti 
example, with the raw wastewater design, if the peak influent total 
oxygen demand potential is obtained at a time of day when the influent 
flow rate, COD and TKN concentrations are 23,1 M£/d, 863 mgCOD/£ and 
65 mgN/£ respectively - i.e. 23,1 (863 + 4,57.65) = 26800 kgO/d - and 
the average total oxygen demand potential is 13,33 (600 + 4,57.48= 
= 10920 kgO/d (see Table 4.3), the relative amplitude oJ the total 
influent oxygen demand potential is (26800 - 10920)/10920 = 1,45; 
hence the relative amplitude of the total oxygen demand is approximately 
0,50.1,45 = 0,72; from Table 6.5 the average daily total oxygen demand 
is 5980 kgO/d (at 22°C) and hence the peak oxygen demand is 
1,72.5980 = 10300 kgO/d. As with all simplified design rules, the 
above rule should be used with discretion and caution, and where 
possible, the peak total oxygen demand is best estimated by means of 
the general dynamic activated sludge model. 
7.7 Closure 
In the above design example, the raw wastewater TKN/COD ratio is 
0,08 mgN/mgCOD. If the calculations are repeated for the raw waste-
water but assuming different TKN/COD ratios and sludge ages, it will 
be found that (i) for a fixed sludge age, once the TKN/COD ratio is 
above that with which complete denitrification can be achieved, the 
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effluent nitrate concentration increases as the TKN/COD ratio 
increases and (2) at a fixed TKN/COD ratio above that with which 
complete denitrification can be achieved, as the sludge age increases, 
the effluent nitrate concentration decreases. This implies that at 
a fixed sludge age, the N removal potential of the process is fixed so 
that the effluent quality depends on the magnitude ·of the influent 
TKN/COD ratio; however the N removal potential of the process may be 
improved by increasing the sludge age. 
Based on 14°C and the raw wastewater characteristics of the design 
example (except the TKN/COD ratio) the behaviour described above is 
shown graphically in Fig 6.17, in which the influent TKN/COD ratio 
is plotted versus the effluent nitrate concentration that can be 
achieved at different sludge ages. The process volume required at 
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Fig 6.17 Effluent nitrate concentration atta·z'.nable for different 
influent TKN/COD ratios for N removal processes operating 
at different sludge ages for T = 14°C, readily biodegradable 
COD fraction (fbs) = 0,24 and maximirm specific growth rate 
of the nitrifiers at 20°C (µnm20) = 0,36/d 
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is also given on Fig 6.17. The areas for which the Bardenpho and MLE 
process achieve the optimum N removal are demarcated and generally 
where the effluent nitrate concentration is greater than 5 to 6 mgN/£, 
the MLE process will yield an improved efficient nitrate concentration 
at an economical mixed liquor a recycle ratio i.e. < 4:1. It should 
be noted that at a fixed TKN/COD ratio, the total average daily oxygen 
demand does not vary significantly between different sludge ages so 
that aeration costs do not significantly affect the conclusions that 
can be drawn from Fig 6.17 (see Fig 6.1). 
Figure 6.17 shows that for a TKN/COD ratio of say 0,095 mgN/mgCOD, 
complete denitrification can be achieved if the sludge age is 30 days in 
a Bardenpho process. However, if an effluent quality of 7 mgN/£ is 
acceptable, then this can be achieved in an MLE process at a sludge 
age of 20 days. The process volume saving that can be made by 
reducing the effluent nitrate standard from 0 to 6 mgN/£ is 
1-0,93/1,16 = 0,28 i.e. the MLE process at 20 days sludge age with 
7 mgN/£ is about 30% smaller than the Bardenpho process at 30 days sludge 
age with complete denitrification. Figure 6.17 shows also that for low 
µnm 20 values, 14°C and 25 days sludge age (to avoid excessively large 
process volumes), the Bardenpho process can achieve (i) complete 
denitrification for'TKN/COD ratios less than 0,090 mgN/mgCOD; (ii) 
near complete denitrification (i.e. effluent nitrate concentration between 
1 and 5 mgN/£) for TKN/COD ratios between 0,09 and 0,10 mgN/mgCOD and 
(iii) incomplete denitrification (i.e. effluent nitrate concentration 
above 5 mgN/£) for TKN/COD ratios above 0,10 mgN/mgCOD; hence the MLE 
process is the indicated process for TKN/COD ratios above 0,10. The 
above limits are relatively sensitive to the µnm 20 value and readily 
biodegradable COD fraction; (i) the limits are given for a low µnrn 20 
value (around 0,36/d) because this will be the usual case in design 
unless sufficient information is available justifying the use of a higher one 
(see Appendix 3) - if µnm20 is greater than 0,40/d, the results will be similar 
to those shown in Fig 6.17 except that they can be achieved at shorter 
sludge ages; (ii) the limits given are for an approximately normal 
raw wastewater readily biodegradable COD fraction fbs of 0,24 - there are 
many factors which can affect the fbs fraction of a wastewater (see Section 
7.1.3 above) so that at the design stage, the value of fbs also will 
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be uncertain [unless the value has been measured (see Appendix 2)] 
and it is likely that a value of 0,24 will be used initially for want 
of a better estimate; if the actual fbs value is greater than 0,24, 
lower effluent nitrate concentrations will be obtained than those 
given in Fig 6.17 and if fbs is lower than 0,24, higher effluent 
nitrate concentrations will be obtained. 
Although the limits given in Fig 6.17 should not be taken as 
general because of their dependence on the wastewater characteristics, 
in particular µnm 20 and fbs' they are useful for setting approximate 
guidelines for N removal process selection and the sludge age at 
which it is to be operated to achieve a certain effluent nitrate 
concentration for a given influent TKN/COD ratio. The guidelines 
in Fig 6.17 are not intended to obviate doing detailed design calcula-
tions but serve the purpose of demonstrating the behaviour of N 
removal processes. Indeed it is recommended that in process design, 
the wastewater characteristics are changed to encompass a range of 
possible values for the particular wastewater and to undertake design 
calculation for combinations of different wastewater characteristics. 
This will allow the selection of a process design that can best deal 
with anticipated changes in wastewater characteristics and will 
expose weaknesses in the design so that control measures can be 
incorporated to deal with fluctuations in wastewater characteristics 
during the life of the plant. 
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CHAPTER SEVEN 
BIOLOGICAL EXCESS PHOSPHORUS REMOVAL 
by 
G A Ekama, G v R Marais and I P Siebritz 
1. INTRODUCTION 
From the first publication reporting phosphorus removal 1n 
excess of normal metabolis requirements in some activated sludge 
plants there has been controversy as to the mechanism whereby the 
excess P removal is accomplished, whether the mechanism is a precipita-
tion of inorganic compounds, albeit biologically mediated, or bio-
logical through metabolic formation and accumulation of phosphorus 
compounds 1n or on the organisms. The objective of this chapter 
is not to discuss the evidence that supports the excess biological 
P removal hypothesis"'~, but to describe briefly the th'eory of biological 
excess P removal as understood by the authors and to demonstrate how 
this theory can be used as an aid for the design of biological P 
removal activated sludge processes. This does not imply that 
precipitation of inorganic phosphorus salts due to chemical changes 
resulting from biological action e.g. alkalinity, acidity and pH does 
";'(-/( 
not take place: Such inorganic precipitation certainly can take 
place, but it would appear that in the treatment of municipal waste-
waters by an appropriately designed activated sludge process, within 
the normal ranges of pH, alkalinity, acidity and calcium concentra-
tions in the influent; excess P removal is principally mediated by a 
biological mechanism. 
;t 
For a review of the observations that support the biological excess 
P removal hypothesis, see Marais, Loewenthal and Siebritz (1982). 
";'(";'( 
Points of view with regard to biological mediated precipitation of 
phosphorus are presented in the Post Conference Seminar on Phosphate 
Removal in Biological Treatment Process, IAWPR, Pretoria (1982). 
7.2 
2 . BACKGROUND 
2.1 Earlier Developments 
From the reports of the earlier investigators into excess 
biological P removal (e.g. Fuhs and Min Chen, 1975 and Barnard, 1976), 
one conclusion emerged which now appears to be generally accepted: 
excess P removal is stimulated by stressing the organisms by with-
holding the oxygen supply. Quantification of this stress, however, 
presented major problems and stiU does, because the parameters in 
terms of which the stress is to be formulated are not yet explicitly 
identified. 
Barnard (1976) from pilot scale studies (Barnard, 1975a 
and b) on the Bardenpho process (Fig 7.1) reported that excess bio-
logical P removal is induced if at some point in the process configuration 
the organism mass is stressed by subjecting it to an "anaerobic"* state 
(i.e. a state in which neither oxygen nor nitrate is present) such that 
phosphorus is released by the sludge mass to the bulk liquid. He 
proposed to produce this stage efficiently by including an anaerobic 
reactor ahead of the primary anoxic reactor in the Bardenpho process, 
this reactor receiving the influent flow and the underflow recycle 
from the secondary settling tanks, (Fig 7.2).. This configuration has 
become known in South Africa as the 5-stage Phoredox or simply the 
Phoredox process, and in the United States as the Modified Bardenpho 
process. 
To explain the excess removal phenomenon, Barnard in 1976 
hypothesized that it is not the release per se that stimulates the 
excess uptake mechanism but that the release indicates that a certain 
low redox potential has been established, i.e. that the low redox 
potential triggers off the release and thereby sti~ulates excess P 
"'' Anoxic; anaerobic: The meaning we will attach to these two terms, 
in nitrification-denitrification processes, follows that originally 
used by Barnard, i.e. Anoxic: a state in which nitrate is present 
but no oxygen; Anaerobic: a state in which neither nitrate nor oxygen 
is present. The inadequacies of these definitions is apparent when 
attempting to compare the state of two reactors of the same size in a 
completely mixed and a plug flow reactor respectively. A completely 
mixed anaerobic reactor, for example, will have no nitrate in the reactor 
and effluent; the equivalent plug flow reactor however may contain 
nitrate for a considerable portion of the reactor length i.e. be partly 
"anoxic", partly "anaerobic" - the inadequacy arises in that no indica-
tion is given as to the intensity of the state. 
. \ 
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uptake. In terms of thishypothesis nitrate recycled via the under-
flow to the anaerobic reactor will restrain, in some degree, the 
level to which the redox potential can be lowered and consequently, 
nitrate can be expected to influence excess P uptake adversely. No 
data on redox potential was reported. Barnard apparently accepted 
that the Bardenpho section of the plant should reduce the nitrate 
sufficiently that any nitrate in the underflow would not prevent the 
attainment of the low redox potential necessary for P release in the 
anaerobic reactor. In any event he considered that nitrate entering 
the anaerobic reactor could be countered by increasing the retention 
time of this reactor. For design of the anaerobic reactor he 
suggested a nominal retention time of one hour, Barnard (1976). 
Barnard's work on the nitrification-denitrification 
excess P removal process stimulated extensive research into this 
process, to gain experience on its behaviour, to delineate more 
precisely the factors influencing excess removal and to develop 
criteria for design. Nicholls (1975) at full scale, and McLaren and 
Wood (1976) and Simpkins and McLaren (1978) at laboratory and pilot 
scale applied the Phoredox process at approximately 20°C to treat 
effluents from Johannesburg and Pretoria, and were successful in 
attaining excess P removal. They were also successful in obtaining 
excess P removal in the 3-stage Phoredox (Fig 7.3) i.e. a Phoredox 
process without the secondary anoxic and reaeration reactors. 
Simpkins and McLaren found that (1) the anaerobic reactor was necessary 
for excess P removal, (2) nitrate in the recycle adversely affected 
P removal and (3) increasing the volume of the anaerobic reactor 
increased the excess P removal. These findings were in conformity 
with Barnard's redox potential hypothesis although again no redox 
potential measurements were reported. 
None of the investigations above provided a reliable model 
to predict the magnitude of the denitrification- to be expected even 
though it was evident that for design, evaluation of the nitrate in 
the recycle could be crucial in assessing the success of a process 
both in stimulation of the P release and magnitude of the P uptake. 
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Marais and his group (Stern 1974, Martin 1975, Marsden 1976, 
Wilson 1976 with Marais) recognized the importance of quantifying the 
nitrate removal. To obtain information on the magnitude and kinetics 
of denitrification they replaced the completely mixed reactors in the 
Bardenpho process by plug flow reactors and measured th.e nitrate 
along the reactor axes under constant flow and load conditions. At 
the same time they also monitored the phosphate behaviour in the various 
reactors making up the processes. Their findings on denitrification 
kinetics are reviewed in Chapter 6. With regard to the phosphorous 
behaviour with the raw sewage they used as influent difficulties were 
experienced in obtaining nitrification, even at long sludge ages of 
10 to 20 days, if the unaerated mass fraction of the sludge exceeded 
30 to 40%. When the plants were operated at unaerated mass fractions 
that allowed nitrification the denitrification obtained was insufficient 
and the effluent nitrate was high. Yet these plants gave very good 
phosphorus removal. However when the sewage source was changed the 
good P removal previously obtained declined virtually to zero. 
In a subsequent study of the Phoredox process, Rabinowitz 
and Marais (1980) selected the 3-stage Phoredox (Fig 7.3) as the basic 
configuration in preference to the 5-stage for the following reason: 
The wastewater source did not allow an unaerated mass reaction of 
greater than 40 percent at 14°C for a sludge age (R ) of 20 days if 
s 
efficient nitrification was to be maintained; taking account of the 
fact that in the Phoredox process the anaerobic reactor cannot contri-
bute to the process denitrification potential, the 5-~tage process 
could not reduce the nitrate to zero for the measured TKN/COD ratio of 
the waste flow. Consequently (as discussed earlier in Chapter 6) the 
secondary anoxic reactor volume was added to the primary anoxic to 
obtain the maximum nitrate removal and hence the minimum nitrate con-
centration 1n the underflow recycle. The findings from this 
investigation can be summarized as follows: 
(1) When the nitrate concentration in the effluent (and underflow 
recycle) was low usually P release and excess uptake were 
observed. In general there was a tendency for the excess up-
take to decrease quite disproportionately as the nitrate in 
PRIMARY A£ROllC SECONDARY 
ANOXIC REACTOR ANOXIC 
REACTOR . REACTOR 
MIXED LIQUOR RECYCLE REAERATION REACTOR 
WASTI 
Fig 7.1 The Bardenpho process 
for biological nitrogen 
removal. 
ANAl'OllC ANOXIC MROllC 




8LUDIE RECYCLE s 
E,FLUENT 
Fig 7.3 The 3 stage Phoredox 
process for biological 
nitrogen and phosphorus 
removal. 
81..UOll RECYCLE s 
Fig 7.5 The UCT process for 
biological nitrogen 
and phosphorus removal. 
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SL.UD8E RECYCLE a 
Fig 7.2 The Phoredox process for 
biological nitrogen and 
phosphorus removal, also 
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Fig 7.4 The modified Ludzack-Ettinger 
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Fig 7.6 The modified UCT process for 
biological nitrogen and 
phosphorus removal. 
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the recycle increased, a behaviour also noted by Simpkins and 
McLaren, and Barnard. 
(2) With different batches of wastewater having the same nitrate 
concentration in the recycle, one batch may give high P release 
and excess removal whereas the next may give no (or little) 
release and little excess removal. 
this behaviour could be discovered. 
No apparent reason for 
The overall P removal performance was disappointing; not 
only did the plant not remove P in excess over long periods of time 
but the removal was erratic due to the effects of (1) or (3) above, 
or al 1. Increasing the anaerobic mass fraction during periods of 
low P removal was found to be counter-productive as this could be 
done only at the expense of the anoxic mass fraction which in turn 
gave rise to increased nitrate in the recycle. It was finally 
concluded that for the waste flows used in th•: experimental investi-
gation, treatment by the Phoredox type process was not suitable for 
excess P removal; this did not imply that thie process might not be 
suitable for other waste flows but the investigation did bring to 
light that there were constraints, not adequately recognized before, 
that may prevent high P removals: 
(1) For any selected sludge age and minimum temperature the requirement 
for efficient nitrification imposes an upper limit on the unaerated 
mass fraction. 
(2) The limitation on the unaerated mass fraction correspondingly limits 
2.2 
the concentration of nitrate that can be removed. If the nitrate 
generated is higher than the denitrification achievable, nitrate 
will appear in the effluent and, in the Phoredox system, the P 
removal will be adversely affected. 
Later Developments 
2.2.1 Positive Exclusion of Nitrate from the Anaerobic Reactor ---------------------------------------------------------
From the findings on the Phoredox process the Marais group 
concluded that irrespective of other factors that may affect the 
excess P uptake, a major factor influencing the uptake was the 
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presence of nitrate in the urtd~rflow recytle; If the nitrate 
content in the underflow to the reactor could be kept at low con-
centration, then there was a high expectation that excess P removal 
would be obtained. The principal obstacle to attaining this 
desirable end in the Phoredox process appeared to be that the 
nitrate discharged to the anaerobic reactor is linked directly to 
the concentration in the effluent. If for any reason the nitrate 
concentration increased while the COD remained constant, i.e. if 
the influent TKN/COD ratio increased, the process appeared to offer 
little option to reduce this by operational means. The only 
operational means available was to reduce the magnitude of the 
underflow recycle but this was a risky option as the settleability 
of the mixed liquor in the plants tended to be poorer than in pure 
aerobic systems. Evidently a process configuration was needed that 
made the anaerobic reactor independent of the effluent nitrate con-
centration. Towards this end, after a series of attempts, the 
configuration shown in Fig 7.5 was devised called the University 
of Cape Town process (UCT process). 
In the UCT process, the settling tank underflow s-recycle 
as well as the mixed liquor a-recycle are discharged to the anoxic 
reactor and an additional mixed liquor r-recycle from the anoxic to 
the anaerobic reactor is introduced. The nitrate recycled to the 
anoxic reactor can be controlled by appropriately adjusting the 
mixed liquor a-recycle such that the nitrate concentration in the 
outflow of the anoxic reactor remains approximately zero. Con-
sequently the mixed liquor r-recycle from the anoxic to the anaerobic 
reactor will contain very little or no nitrate and the anaerobic 
condition in the anaerobic.reactor will be optimal. Thus, in the 
UCT process by application of an appropriate operational control 
strategy, the anaerobic reactor can be maintained independent of the 
nitrate in the effluent even if the influent TKN/COD ratio to the 
plant varies. 
Laboratory scale tests on the UCT process using waste flows 
from Cape Town showed improved excess P removal in both the concen-
tration removed and consistency in removal over those obtained in 
the Phoredox process. But perhaps the most important achievement 
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from a research point of view, was that with the UCT process it was 
possible to eliminate the confounding effect of the nitrate in the 
recycle flow to the anaerobic reactor on excess P removal so that 
other factors influencing the excess removal could be investigated 
with greater ease. In the experimental response data the effects 
of these other factors became clearly evident: 
(1) For the same influent COD, one batch of sewage gave high removals, 
another gave low, an observation previously surmised but not 
explicitly identified due to the difficulty of isolating this 
effect when nitrate was recycled to the anaerobic reactor. 
(2) Generally as the storage time of a batch of sewage (at 5°C) 
increased, both the excess P removal and the nitrate removal 
declined. Evidently on storage a progressive change was taking 
place in the constitution of the sewage which acted adversely on 
the two phenomena; direct evidence of change was indicated by 
the gradual reduction of COD of the batch during storage. 
2.2.2 
Owing to the importance attached to the nitrate concentra-
tion discharged to the anaerobic reactor in excess biological P 
removal, the nitrogen removal theory was applied to the P removal 
processes to investigate their propensity for removing nitrogen. 
(i) !~~-~~~E~~~~-~E~~~~~: In this process, a certain fraction 
(f ) of the total unaerated sludge mass fraction (f ) is "set 
xa xt 
aside" as an anaerobic reactor to establish the prerequisites for 
excess phosphorus removal. Only the remaining unaerated sludge 
mass fraction (fxdt = f -f ) is available as primary and secondary xt xa 
anoxic reactors for nitrogen removal. If no nitrate is to be 
recycled to the anaerobic reactor (to ensure the most "intense" 
anaerobic condition) complete denitrification must be achieved in 
the anoxic sludge mass fraction (fxdt). The denitrification 
behaviour of the anoxic reactors in the Phoredox process for complete 
denitrification is the same as those in the Bardenpho process for 
complete denitrification. However, due to the presence of the 
anaerobic reactor (fxa)' the anoxic sludge mass fiaction (fxdt) for 
the 
pho 
Phoredox process (f d x t 
process (fxdt = fxt). 
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=.f t.~f ) is less than that for the Barden-. x xa " 
Hence, the upper limit of the TKN/COD 
ratio for complete denitrif ication in the Phoredox process is lower 
than that for complete denitrification in the Bardenpho process, by 
about 0,005, for approximately normal municipal wastewaters with 
f xa 0,15 at 14°C. Consequently, for an unsettled "normal" 
municipal wastewater, at 25 days sludge age and 14°C, the 5 stage 
Phoredox process will achieve complete denitrification only if the 
* TKN/COD ratio is less than about 0,085. Should the TKN/COD ratio 
exceed this limit, complete denitrification is unlikely resulting in 
nitrate in the effluent and underflow s-recycle. From a design 
point of view, to provide a factor of safety, the TKN/COD ratio limit 
·le '"J't 
should not exceed 0,07 to 0,08 at 14°C, for sludge age 20 to 30 days, 
to have reasonable assurance that complete denitrification will be 
attained. The safe upper limit, of a 0,07 to 0,08 TKN/COD ratio, 
for successful implementation of the Phoredox process, restricts 
application of the process in the treatment of municipal wastewaters 
1~ 
because the TKN/COD ratio of raw wastewater ranges between 0,07 
* * and 0,09 and that of settled wastewater generally is above 0,10. 
(ii) The UCT Process: The analysis of the UCT process _(Fig 7 .5) showed 
that also for this process, there is also an upper TKN/COD ratio above 
which excess P removal is unlikely to be attained. For a normal 
""I': 
municipal wastewater at a TKN/COD of 0,14 (at 14°C and 25 days 
sludge age) the nitrate concentration in the effluent and hence in 
the underflow s-recycle is so high that this recycle by itself (at 
s = 1) fully loads the anoxic reactor to its denitrification 
potential i.e. the mixed liquor a-recycle needs to be reduced to 
zero. Hence, for TKN/COD ratios > 0,14, nitrate will be present in 
the primary anoxic reactor and a discharge of nitrate to the anaero-
bic reactor cannot be avoided leading to a decline in excess P removal. 
For design, to introduce a factor of safety on the denitrification, 
the upper limit for the TKN/COD ratio above which excess P removal is 
i'< 
These limits apply to a readily biodegradable COD fraction fts = 0,20 
(fbs = 0,24). For higher (lower) fts fractions these limits are 
higher (lower). It should be noted that throughout this monograph, 
where TKN/COD ratio limits are given, these apply for fts = 0,20 (fbs 
~ 0,24) unless otherwise stated. 
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unlikely to be attained in the UCT process is 0,12 to 0,14. This 
limit is above that for most settled and raw municipal wastewaters. 
(iii) The Modified UCT Process: Experience with the UCT process 
exposed two different types of problems that could significantly 
affect the successful operation of the process, these were (i) 
process control and (ii) sludge settleability. 
(i) The mixed liquor a-recycle ratio needs to be carefully 
controlled so that the primary anoxic reactor is just under-
loaded with nitrate to avoid a nitrate discharge to the 
anaerobic reactor. Under full-scale operation such careful 
control of the a-recycle ratio is not possible due to un-
certainty to the TKN/COD ratio, particularly under cyclic flow 
and load conditions. To simplify the operation of the UCT 
process a modification was sought whereby careful control of 
the a-recycle would not be necessary. 
(ii) As the TKN/COD ratio increases, the a-recycle ratio needs 
to be decreased to avoid a nitrate discharge to the anaerobic 
reactor, this in turn causes an increase in the actual anoxic 
retention time. For relatively high influent COD concentra-
tions (> 500 mgCOD/£), and TKN/COD ratios> 0,11, the actual 
anoxic retention time exceeds one hour. From experimental 
observation, in some of the units, when the actual anoxic 
retention time exceeded 1 hour, the settleability of the sludge 
;'~ 
declined. To preserve good settleability of the sludge, a 
modification to the UCT process was sought whereby the actual 
anoxic retention time could be limited at 1 hour. 
Both problems above are associated with the a-recycle ratio; both 
problems can be acconunodated by a modification of the UCT process 
called the Modified UCT process (Fig 7.6). In the Modified UCT 
process, the anoxic reactor is subdivided into two reactors, the 
;'\ 
For reasons not yet understood the anaerobic retention time, both 
nominal and actual does not appear to affect the settleability of 
the sludge. 
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first having a sludge mass fraction of about 0.,10 and the second 
having the balance of the anoxic sludge mass fraction available. 
The first anoxic reactor receives the underflow s-recycle and the 
r-recycle to the anaerobic reactor is taken from it. The second 
anoxic reactor receives the a-recycle. The minimum a-recycle is 
that which introduces just sufficient nitrate to the second anoxic 
reactor to load" it to its denitrification potential. Any recycle 
higher than the minimum will not remove additional nitrate so that 
at higher recycles more nitrate is introduced than removed in the 
second anoxic reactor and nitrate will appear in the effluent from 
this reactor. This however is immaterial insofar as it affects 
the nitrate in the aerobic reactor which remains constant once 
a > a .. 
min Consequently one can raise the a-recycle to any value 
greater than a . , to min 
without affecting the 
give the required actual retention time, 
nitrate recycled to the first anoxic reactor 
- careful control.of the a-recycle is no longer necessary. This 
improvement however is obtained at a cost: the maximum TKN/COD ratio 
to give a zero nitrate discharge to the anaerobic reactor is reduced 
from 0,14 in the UCT process to 0,11 in the Modified UCT process. 
However a TKN/COD ratio of 0,11 mgN/mgCOD includes most settled and 
raw municipal wastewaters. Furthermore, by making provision that 
the r-recycle can be taken from either the first or second anoxic 
reactor, the process can be operated either as a modified UCT or a 
UCT process, as may be required. 
The developments described so far were all guided by the 
hypothesis that excess P removal is stimulated, and is best achieved, 
by having an anaerobic reactor and that it is optimized by preventing 
nitrate from entering the reactor. No information was available to 
quantify firstly, the conditions in the anaerobic reactor that cause 
the stimulation and, secondly, the magnitude of the excess P removal 
to be expected. Accordingly these two aspects were further 
investigated. 
3. EVOLUTION OF EXCESS PHOSPHORUS REMOVAL MODEL 
3.1 Prerequisite for Excess Phosphorus Removal 
The improved understanding of the nitrogen removal process 
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behaviour led to a new approach in investigating the prerequisites 
in the anaerobic reactor for excess phosphorus removal. Ekama, 
van Haandel and Marais (1979) hypothesized that if the mass of 
nitrate entering an unaerated reactor is less than that reactor's 
denitrification potential, the difference defines an "anaerobic 
capacity" in the reactor. They speculated that this anaerobic 
capacity could substitute for the redox potential level (suggested 
by Barnard, 1976) as a measure for predicting when phosphorus 
release woul,d take place in the anaerobic reaetor. Siebritz, 
Ekama and Marais (1980) intensively investigated this hypoth~sis. 
They plotted the P release in the anaerobic reactor, the P uptake 
in the aerobic reactor and the system P removal versus the anaerobic 
capacity (A ) for data from UCT and modified Phoredox processes 
c 
(Fig 7. 7) • This plot shows that (i) if A < 10 mgN03 -N/£, no P release in c 
the anaerobic reactor is obtained; in fact, P uptake is noted, (ii) when 
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Fig 7.7 P release in the anaerobic reactor, process P uptake and 
process P removal versus the anaerobic capacity of the 
anaerobic reactor (Ac) for the modified Phoredox and UCT 
processes. 
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above 10 mgN03 -rl/£ so the P release in the anaerobic reactor, the p 
* uptake in the aerobic reactor and the system P removal increase. 
The data in Fig 7.7 appeared to support the anaerobic capacity 
hypothesis. Consequently if the anaerobic hypothesis was correct, 
then provided this capacity co~ld be induced in any system other than 
the UCT and Phoredox processes, P release and uptake should be observed .. 
To test the above ·conclusion experimentally, three Modified Ludzack-
Ettinger (MLE) processes (Fig 7.4) and a modified UCT process were set 
up and fed from the same wastewater source. The three MLE units were 
given unaerated sludge mass fractions of 40, 55 and 70 percent res-
pectively and the mixed liquor a-recycle ratios were set such that the 
anaerobic capacities ranged from 6 to 35 mgN03 -N/£ in the anoxic 
reactors. Over two months of operation no P release nor excess P 
removal were observed in any of the MLE units. In contrast, the 
modified UCT process with a 0,10 anaerobic sludge mass fraction, 
consistently gave P release and excess P removal. It was concluded 
from these results that the anaerobic capacity hypothesis is not 
sustained. 
In seeking an explanation for the different P release behavioural 
patterns in the modified UCT and MLE processes, it was noted that the 
only evident difference lay in the concentration of readilybiodegradable 
COD surrounding the organisms in the anaerobic reactor (Sb ). sa In the 
modified UCT process the readily biodegradable COD concentration in the 
anaerobic reactor (Sb ) is the maximum possible as no nitrate is sa 
recycled to the anaerobic reactor; in contrast, in the MLE process 
sufficient nitrate is recycled to the anoxic reactor to utilize all 
the readily biodegradable COD i.e. Sb- = 0,0. Therefore the different sa 
behavioural patterns of the processes would be consistently described 
if it was assumed that the concentration of readily biodegradable COD in 
* From Fig 7.7 (and Fig 7.8) it can be seen that having stimulated 
P release in the anaerobic reactor, the P removal increased from 
4 to only 6 mgP/£. The reason for this low increase in excess P 
removal is that the experimental units turned out to be poorly designed 
to achieve high P removals because the factors affecting the magnitude 
of excess P removal were not understood; once these factors were 
understood, it became possible to design processes capable of achieving 
high levels of excess P removal (see ftgs 7.10 and 7.11). 
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the anaerobic reactor (Sb ) surrounding the organisms is the key sa 
parameter determining whether or not P release and excess P uptake 
takes place. 
To test the assumption above, it was necessary to develop a general 
equation by means of which Sb can be calculated: sa 
Consider the anaerobic reactor in the UCT process, 




The term 6Sbs is the concentration of readily biodegradable COD utilized 
for synthesis of cell material with nitrate (introduced via the r-recycle) 
and dissolved oxygen (introduced via the influent) serving as terminal 
electron acceptors. Because 8,6 mgCOD are utilized for the removal of 
1 mgN0
3
-N and 3,0 mgCOD with 1 mgO, (see Chapter 1), 6Sbs can be ex-
pressed in terms of the nitrate in the r-recycle, N , and the D.O. in nr 
the influent (o.) and r-recycle (0 ), i.e. 
i r 
for the UCT process 
6Sb = r(8,6.N + 3,0.0 ) + 3,0 0. s nr r i 
and for the Phoredox process 
6S = s(8,6 N + 3,0.0 ) + 3,0 O. bs ns s i 
where 
N and 0 refer to the nitrate and D.0 concentrations 
n 
respectively. Symbols r and s and subscripts r,s and i 
(7. 2a) 
(7. 2b) 
refer respectively to the r- and s-recycles and the influent. 
The calculatio~ ~f Sb fortunately was possible because once the sa 
importance of the influent readily biodegradable COD fraction (fbs) 
was recognized from the work on denitrification, it became standard 
experimental procedure to measure or determine almost daily, fbs' 
fus' fup' Sti' Nnr' Or and Qi. Consequently Eqs (7.1) and (7.2) were 
7.15 
Fig 7.8 P release in the anaerobic reactor, process P 
uptake and process P removal versus readily bio-
degradable COD concentration in the anaerobic 
(Sbsa) for the modified Phoredox and UCT processes. 
applied to the data used to plot Fig 7.7 and replotted in Fig 7.8 
with Sbsa on the horizontal axis instead of the anaerobic capacity. 
From Fig 7.8 the following conclusions were drawn: 
1) The minimum readily biodegradable COD concentration in the anaero-
bic reactor (Sb ) to stimulate phosphorus release in the reactor sa 
is about 25 mgCOD/E. 
2) The degree of P release appears to increase as Sbsa increases above 
25 mgCOD/E, i.e. P release increases as (Sb -25) increases. sa 
3) Excess phosphorus uptake is obtained only when phosphorus release 
takes place, and tends to increase with (Sb -25).* sa 
The plots in Figs 7.7 and 7.8 show a striking similarity but on closer 
inspection, this similarity is more apparent than real. The similarity 
is there only for the UCT and Phoredox data: for these processes, the 
two sets of data fall in approximately the same position relative to 
i'r: 
See footnote on page 7.13: 
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the coordinate axes. This is so because in these processes, the 
principal contributor to A is 
c 
the readily biodegradable COD in the 
influent, Sb . - the si contribution by the slowly biodegradable 
influent COD Sb . is very small owing to the relativelJ small anaerobic pi 
sludge mass fractions (f ) - so that A and Sb are essentially xa c sa 
equivalent parameters. In contrast, in the MLE process, the influent 
readily biodegradable COD Sb . will have been completely utilized by si 
the nitrate entering the anoxic reactor, i.e. Sb = 0. sa Nevertheless 
high A values are obtained from the Sb . contribution because the 
c pi 
unaerated sludge mass fractions are large. Consequently for the 
MLE process, there is no relationship between Sb and A . Hence in sa c 
Fig 7.7, the MLE data fall in the right hand side of the plot (i.e. 
A > 10 mgN03 -N/£) whereas in Fig 7.8 they will fall in the left hand c 
side of the plot (i.e. Sb = 0). Consequently, the MLE behaviour is sa 
incorrectly predicted by the A hypothesis (Fig 7.7) but correctly 
c 
predicted by the Sb· hypothesis (Fig 7 .8). These results allowed the sa 
following statement to be made: A prerequisite for P release in the 
anaerobic reactor.is that the concentration of readily biodegradable COD 
surrounding the organisms in the anaerobic reactor must exceed 
approximately 25 mgCOD/£. 
3.2 Magnitude of Excess Phosphorus Removal 
A prerequisite for P release was stated above, however, the maenitudes 
of the P release and subsequent uptake and removal were not explicitly 
defined, once the prerequisite was satisfied. For this purpose an 
extensive and intensive investigation was inaugurated utilizing the UCT 
and modified UCT configurations. Series of tests were done under 
constant flow and load conditions: (1) at 1Lf°C and 20°C, (2) using raw 
wastewater influents with COD's of 800, 500 and 300 mg/£, and (3) varying 
the r-recycle and anaerobic mass frac,tion. In all the investigations 
the influent wastewater characteristics, i.e. COD, TKN, total P and 
-+ -
readilx biodegradable COD fraction fbs' and filtered TKN, NH4 , N03 and 
total P inthe process reactors were measured daily. In addition, all 
the normal parameters such as MLVSS, oxygen utilization rate, stirred 
settling velocity, pH and alkalinity were measured at regular intervals. 
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An analysis of these data indicated that provided Sbsa > 25 mgCOD/£, , 
1) for fixed r-recycle ratio and influent COD, increasing the volume 
of the anaerobic reactor (at the expense of the other reactor 
volumes) tended to increase p release and the p removal, 
2) for fixed r-recycle ratio and anaerobic reactor volume, an increase 
in influent COD concentration tended to increase the P release and 
the P removal. 
Although the trends stated above were evident it was not possible to 
identify a consistent behavioural pattern and it was concluded that 
the basic parameters had not been properly identified or isolated. 
In part, this was due to the interactive effects between the different 
parameters, for example, increasing the r-recycle ratio, (i) increases 
the mass of sludge passing through the anaerobic reactor, (ii) decreases 
the time the sludge is retained in the anaerobic reactor, (iii) increases 
the concentration of sludge in the reactor, and (iv) decreases the con-
centration of Sb in the anaerobic reactor (even if no nitrate is sa 
present in the r-recycle). With so many associated changes it was 
difficult to see directly which parameters are the significant ones. 
It was decided, therefore, to investigate the system theoretically on 
the basis of the perceived and hypothesized behaviour. 
Considering Fig 7.8, the P release, uptake and removal appeared 
to be linearly related and it was decided to utilize the 
removal as the criterion against which to judge the effect of P 
any modification. As a consequence, P release per se was not incor-
porated into the hypothesis proposed to describe the P removal. 
The following behavioural pattern was hypothesized on the P 
removal based on experimental observations: 
*Detailed description of the experimental investigation is given in a 
report by Siebritz, Ekama and Marais (1983). 
~" 1) Excess P removal is obtained only when Sb > 25 mgCOD/£. sa 
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2) As Sb increases above 25 mgCOD/£, so the P removal increases. sa 
3) The longer the actual anaerobic retention (R ), the higher the 
an 
P removal. 
4) The larger the mass of sludge recycled through the anaerobic 
reactor, the higher the P removal. 
Scrutiny of (4) above showed that it could be transformed to a more 
useful equivalent, 
4) The greater the mass of sludge recycled through the anaerobic 
reactor each day expressed as a fraction of the mass of sludge in 
the process, n, the higher the P removal. 
The statements (2) and (4) above do not give an explicit quantitative 
expression of the expected behaviour. To obtain such an expression 
an hypothesis on the expected behavioural pattern of (2) to (4) has 
to be made. An hypothesis consistent with the observations is: 
"When any one of the factors (Sb -25), R , or n, is zero, excess sa an 
phosphorus removal will be zero." 
From this hypothe$is, the simplest form of an equation expressing the 
tendency of a process to achieve excess P removal is 
Pf= (Sb -25).R .n sa an (7. 3) 
where 
Pf = excess phosphorus removal propensity factor. 
If Pf as defined above describes the observed behaviour of the three 
parameters, then the P removal due to excess uptake in the sludge (P ) 
s 
should be a function of Pf' i.e. 
(7. 4) 
Sbsa is the concentration after allowing for removal of Sbsa due to 
nitrate and oxygen entering the anaerobic reactor. 
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Now R .n in equation (7.3) can be expressed in terms of the process an 
configuration and operational·· paramete'rs; and for both the UCT and 
ic 
Phoredox processes this term can be shown to be equal to f i.e. 
xa 
R .n = f where f is the anaerobic sludge mass fraction. Sub-an xa xa 
stituting f for R .n in Eq (7.3) yields xa an 
(S -25)f ; 
bsa xa when sbsa < 25, pf 0,0 (7. 5) 
Hence for the UCT and Phoredox process, it was concluded that the 
propensity to give excess P removal under constant flow and load 
conditions is a function only of the magnitude of readily biode-
gradable COD concentration in the anaerobic reactor above 25 mgCOD/£ 
and the magnitude of the anaerobic sludge mass fraction. 
3.3 Quantitative Model for Excess Phosphorus Removal 
As excess P removal is accepted to be a biological activity, it can 
be assumed that, (i) only the active fraction of the sludge can take 
up phosphorus in excess, (ii) the phosphorus removal will increase as 
the proportion of phosphorus in the active mass increases, and (iii) the 
proportion of phosphorus in the inert ~ractions of the sludge will 
remain unchanged. Accepting these assumptions, Martin and Marais (1975) 
developed the following equation for phosphorus removal based on the 
steady state activated sludge process model presented by Marais and 
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P content of the endogenous and inert fractions of the volatile 
mass (rngP/mgVASS) 
coefficient of excess P removal i.e. the P content of the active 
mass (mgP/rngVSSS) 
·le 
see Siebritz, Ekarna and Marais (1982~ 1983) 
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' With the aid of Eqs (7.1, 7.2, 7.5 and 7.6), the coefficient of 
excess P removal y and the P removal propensity factor Pf were 
. * calculated for daily sets of experimental data measured over a 
period of 18 months. In calculating the daily y and Pf data pairs, 
those data for which there were known causes that may have adversely 
** or favourably influenced the process behaviour were discarded. 
The remaining daily y and Pf data pairs are shown plotted in Fig 7.9. 
The data in Fig 7.9 shows considerable scatter although a definite 
trend is discernable. Some of the scatter can be attributed to the selectio1 
the data values in the calculation of Pf: The fbs' nitrate and 
A 
COD :n= 000 1rtf..f0 "i 
• f11.U irO,IO(Tr2tl'"'(':) I 
<:Otl1n"G00111r/. .i' 
A f~a "0,20\Tc~v~<.":i 
o 1lllJ "0,15 < .. } I 
o Yna . "0,IO( " ) --1 
~Yr,i)l ::O,l£(1·.,1~c.T;I 
Fig 7.9 Coefficient of excess P removal (y) versus P removal pro-
pensity factor (Pf) observed in the modified Phoredox, 
UCT and modified UCT processes at different anaerobic 
sludge mass fractions (fxa), influent COD concentrations 
and temperatures. 
>'< 
The readily biodegradable COD fraction fb in the influent was 




and Marais (1980). Details of this procedure are given in Appendix 2. 
** It was found that after a disruption of the process due to a mechani-
cal breakdown, or a change in influent sewage characteristics or 
process parameter, the process required approximately 2 to 3 days to 
restabilize. 
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P removal values used in the calculations were all measured on the 
same day, i.e. the assumption was made that the response of y to Pf 
is instantaneous. This, in fact, is not so; due to the long hold 
up time in the system it was repeatedly observed that the P removal 
response is out of phase with the input by some fraction of a day. 
(This is apparent in Fig 7.10 which records the observed and pre-
dicted P removal in one set of experiments). 
Accepting the relatively large scatter, the form of the relationship 
and the constraints on the y-Pf relationship were derived as follows: 
From Fig 7.9 apparently 
i) there is an upper limit to y, of about 0,35 at very high 
propensity factors, 
ii) there is a lower limit to y of about 0,06 at a propensity 
factor of zero, 
iii) for propensity factors ranging from infinity to zero, the 
maximum change in y is (0,35-0,06) = 0,29 and the decrease in 
y with decrease in Pf appears to be of an exponential form. 
On the basis of the above the following expression was chosen to 
represent the trend in the plotted data 
y 0,35-0,29 exp(-C.Pf) 
The value of C was found by a least square analysis of the differ-
ences between the measured and predicted phosphorus removals and found 
to be equal to -0,242, i.e.· 
y = 0,35-0,29.exp(-0,242 Pf) (mgP/mgVASS) (7.7) 
To check the predictive capacity of Eq (7.7), it was applied to the 
daily Pf data in all the five sets of experiments on the modified UCT, 
UCT and Phoredox processes in which Sb . and the nitrate in the si 
recycles were measured. (As·stated above these sets of data covered 
influent COD values from 300 to 800 mg/£ at 14° and 20°C under a 
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Fig 7.10 Left, daily experimental data of influent COD, TKN and read-
ily biodegradable COD concentrations and nitrate concentrations 
in the effluent and the recycle to the anaerobic reactor and 
Right the measured and predicted.phosphorus removal for a 
modified UCT process with the following sludge mass fractions; 
anaerobic 0,10, first anoxic 0,08, second anoxic 0,22, aerobic 
0,60. (Data from Siebritz, Ekama and Marais, .1982b). 
variety of TKN/COD ratios, anaerobic mass fractions from 0,10 to 0,20 
,·~ 
and sludge ages 10 to 25 days. As an illustration two sets of data 
are shown in Figs 7.10 and 7.11 together with the predicted P removal 
values. Evidently the model gives a good prediction of the observed 
P removal. In Fig 7.10, the pronounced favourable effect of an increase 
in the readily biodegradable COD concentration (Sb .) on the P removal, 
s 1. 
and in Fig 7.11 the depressing effect of nitrate in the recycle to the 
anaerobic reactor, are clearly illustrated. 
The theory was tested further by feeding additional readily biodegradable 
COD (acetate and glucose) to the anaerobic reactor. Taking due account 
of the increased COD, again the predictions of P removal were in satis-
factory correlation with those observed. 
-;'c 
The units in the short sludge age range were non nitrification-
denitrification processes of the MLE configuration (Fig 7. 4) with the 
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Fig 7.11 Response of a laboratory scale UCT process at 14°C, 
Anaerobic mass fraction = 0,15, Anoxic mass fraction 
0,30. Aerobic mass fraction 0,55, Sludge age 20 days, 
treating unsettled flow from Mitchell's Plain. (Data 
from Siebritz, Ekama and Marais, 1983). 
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While doing a biodegradability investigation of the waste flow from 
the town of Caledon in South Africa, unexpected verification of the 
theory was obtained. The process configuration was a Modified 
Ludzack-Ettinger process (Fig 7.4) with an anoxic sludge mass fraction 
of 0,30 operated at 20 days sludge age, at 20°C, and with a mixed 
liquor (a) and an underflow (s) recycle ratio of 4:1 and 1:1 respect-
ively. The wasteflow contained an industrial fraction (from a malting 
factory) constituting approximately 2/3 of the total COD load. The 
influent COD and TKN strengths were 1300 mg/£ and 70 mgN/£ respectively. 
It was found that the malting waste was virtually completely readily 
biodegradable resulting in a very high readily biodegradable COD 
fraction (fb ) and concentration (Sb .), 0,70 and 980 mgCOD/£ respect-
s S1 
ively. Taking due account of the diluting effect of the total recycle 
flow of 5 and the reduction of the readily biodegradable COD in the 
"anoxic" reactor by the nitrate discharged in the recycle flows 
(nitrification was complete, effluent TKN = 4 mgN/£), the readily 
biodegradable COD concentration in the "anoxic" reactor (Sb ) was 
sa 
estimated at 101 mgCOD/£, the propensity factor (Pf) at.22,9 (Eq 7.5), 
they coefficient at 0,35 (Eq 7.7) to give an estimated P removal of 
31 mgP/£ influent (Eq 7.6 with f = 0,05 and f = 0,06). The observed us up 
P removal was 29 mgP/£. The results of this experimerit should be 
contrasted with those discussed earlier on the Modified Ludzack-
Ettinger processes. In those processes, no excess P removal was 
observed or predicted, even though the anoxic mass fraction was as 
high as 0,70, principally because the readily biodegradable COD concen-
tration in the influent (Sb .) was low and completely utilized in the 
S1 
anoxic reactor by the nitrate recycled to this reactor. Clearly if 
sufficient Sb . is available and the TKN not excessive, it is possible 
S1 . 
to obtain high P removals even though the nitrate recycled to the 
anaerobic reactor is high, without having to resort to Phoredox or 
UCT configurations, provided the conditions for P release are satisfied 
as set out in Section 3.1 above. 
At full scale Nicholls, Osborn and Marais (1982) and Nicholls (1982) 
tested the predictive power of the general nitrification-denitrification 
model on the Goudkoppies 5-stage Phoredox plant receiving an effluent 
that had passed through primary settling and then through an equalization 
7.25 
tank. The P removal behaviour of the plant was also monitored by 
measuring P conditions in ~he ~~~erobic and a~robic reactors and in the 
effluent. To evaluate both the model and P removal theory, inter aZia 
the readily biodegradable COD in the influent discharged to the process 
(Sb .) was measured, as described by Dold, Ekama and Marais (1980). si 
The Sbsi was found to be very low due to its utilization by an anaero-
bic sludge layer that formed on the bottom of the unstirred equalization 
In terms of the theory set out here the Sb . was so low that si 
tank. 
with the 1:1 underflow recycle from the secondary settling tank to the 
anaerobic reactor, even if no nitrate was present in the recycle, Sb 
sa 
would be less than 25 mg/£ and consequently little excess P removal was 
to be expected, and, virtually no excess removal was observed for the 
plant. Measurements of Sb . on the influent to the equalization tank si 
however indicated that the Sb . was sufficiently high that, if the si 
equalization tank was bypassed, excess P removal was theoretically 
possible provided the nitrate in the underflow recycle to the anaerobic 
reactor could be maintained at less than 5 mgN/£. Now at this point 
a computer-based equalization control strategy was implemented on the 
equalization tank (Dold, Buhr and Marais, 1982) and operated in such 
a fashion that any settled material was flushed daily from the tank. 
The flushing action prevented build-up of a sludge layer and effectively 
eliminated the loss of Sb . in the tank. si The process recycles in the 
plant were changed in accordance with those predicted by the general 
model to achieve maximum nitrate removal. As this removal was still 
insufficient to reduce the nitrate in the underflow recycle to less 
than 5 mgN/£, the aerators next to the discharge points from the primary 
anoxic reactor were switched off, thereby effectively increasing the 
anoxic zone and further reducing the nitrate in the effluent. 
(Sufficient aerator capacity was available in the rest of the aeration 
basin not to affect the nitrification efficiency). In this fashion 
the nitrate was kept between 3 and 5 mgN/£ in the effluent and the 
underflow recycle. Under these conditions the predicted P removal 
was 4 to 5 mgP/£ influent; observed mean removal was 5 mgP/£. The 
results from this investigation are particularly instructive because 
they demonstrate that little or no P removal is achievable if Sb . is si 
too low, or, where Sb . is sufficiently high, although the potential si 
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for removal is there, it will not be possible to realise this 
potential if nitrate in the recycle to the anaerobic reactor is so 
high that it reduces the Sb concentration to very low levels. sa 
When investigating P removal behaviour in laboratory scale processes, 
batches of sewage usually were obtained from the outfall sewer and 
stored at 5°C for subsequent feed to the laboratory process units. 
Often it was noticed that with time the magnitudes of denitrifica-
tion and P removal declined while feeding from the same raw sewage 
batch. Measurement of the readily biodegradable COD fraction of the 
daily feed taken from the cold storage batch indicated that normally 
there was a slow continuous loss of this fraction, giving rise to an 
associated reduction in denitrification and P removal. Hence, batches 
should not be stored longer than about one to one and a half weeks 
and the Sb . in the feed should be measured daily. 
Sl. 
Furthermore, 
by monitoring the Sb . 'on a routine basis, changes in Sb . between 
Sl. Sl. 
batches are picked up that explain the "erratic" P removal 
behaviour noted earlier between different batches of sewage. Also, 
it is vitally important that the tanker transporting the batch to 
the laboratory, and the cold storage tank, are thoroughly cleaned 
between batches otherwise hydrogen sulfide generation and rapid loss 
of Sb . will be encountered. s l. High hydrogen sulfide concentration in 
the feed to a process can have adverse effects on the process response. 
3.4 Comments on the Parametric Model and Recent Research 
Developments 
The parametric model described above was developed from observed data 
on experimental p~ocesses operated under a wide range of conditions. 
The conditions ranged as follow.s: 
(i) Influent COD concentration 250 - 800 mgCOD/Q 
(ii) Readily biodegradable COD 70 - 220 mgCOD/Q 
i.e. fraction fts 0,12 - 0,27 
(iii) TKN/COD ratio 0,09 - 0,14 
(iv) Sludge age 13 and 25 days 
(v) Temperature 12°C and 2J°C 
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Development of the model required the identification of the principal 
factors and conditions tha~ appeared to. influence the excess P removal 
and integration of these into a consistent quantitative expression for 
estimating the excess P removal. 
identified are 
Summarizing, the main factors 
(i) As the concentration of readily biodegradable COD in the 
influent increased, so the excess P removal did likewise. 
(ii) As the anaerobic sludge mass fraction increased so the 
excess P removal did likewise. 
(iii) For identical conditions for (i) and (ii) above, as the sludge 
age decreased, so the excess P removal increased. 
(iv) Temperature reduction appeared to have a slight positive effect 
on excess P removal. 
The above tendencies formed the basis for structuring the formulations 
for estimating the excess P removal and the equations so derived were 
calibrated against the observed data (see Section 3.3 above). A com-
parison of the theoretically predicted and experimentally measured 
process P removal data for the conditions set out above is shown in 
Fig 7.12: clearly a good correlation is obtained. 
It is of the greatest importance to note that the model is 
semi-empirical - its use must be limited strictly to within 
the ranges of process parameters and wastewater characteris-
tics listed above. In particular, the model should not be 
used for design of plants with sludge ages less than about 
14 days; in South Africa no research has been done on the 
process at short sludge ages and there is no certitude that 
the model predicts the behaviour adequately. 
Despite the good correlation, the parametric model 1s unsatisfactory 
from a scientific point of view because it is independent of any 
formal hypothesis on the biological mechanisms driving the process. 
Consequently the model should serve as an interim measure only for 
design and other practical purposes. What is required is a 
model based on fundamental biochemical and physical rules that will 
give rise to similar behavioural characteristics that formed the basis 
of the parametric model. 
Historically important contributions towards developing such a 
model were made by Fuhs and Min Chen (1975) and the Johannesburg group 
(Nicholls, 1978). The latter group in particular, inaugurated a 
new approach which has influenced more recent hypothesized mechanisms 
25 
MEASW~ED 
Fig 7.12 Comparison of measured P removals with 
those predicted by the parametric model 
for all the data observed under the 
different operating conditions. 
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proposed by Rensink (1981) and Marais et al. (1982). Preliminary 
indications are that a model based on the behaviour proposed by 
Rensink and Marais et aZ. has the potential to explain most of 
the behavioural characteristics of excess P removal and should in 
time allow a kinetic description to be incorporated into the 
general activated sludge process theory. 
In essence, the basic concepts governing their model are as 
follows: Poly-P organisms, such as Acinetobacter, store phosphate 
internally as poly phosphate chains under aerobic conditions - some 
strains can do so also under anoxic conditions with nitrate serving 
as the electron acceptor. When poly-P organisms are discharged 
to an anaerobic reactor which receives the wastewater influent flow, 
the organisms survive the anaerobic conditions by breaking down 
some of the accumulated poly-P chains and the energy thereby released 
is utilized to complex the lower fatty acids surrounding the organisms 
7.29 
to higher forms, such as aceto-acetate ?~.polyhydroxybutyrate and 
store these compounds internally. When the organisms thereafter enter 
* an aerobic (or anoxic) zone, they utilize the complexed compounds 
;'~ 
with oxygen (or nitrate) as the electron acceptor for growth and 
replensihment of the poly-P stores. 
If lower fatty acids were to be discharged to the aerobic 
(or anoxic) zones, the poly-P organisms would have to compete with 
the heterotrophs (or facultative heterotrophs) for this substrate 
because now it is available to these other organisms due to the 
presence of oxygen (or nitrate) as electron acceptor. However 
because the poly-P organisms are relatively slow growing compared 
to the other organisms, they will obtain only a minor fraction of the 
lower fatty acids in the aerobic reactor and consequently their growth 
will be very small. (This explains the reason why poly-P organisms. 
are rarely found in considerable numbers in purely aerobic or anoxic-
aerobic systems). Hence, by incorporating an anaerobic zone (which 
receives no nitrate from return recycle and to which the influent flow 
is discharged), the growth of the poly-P organisms is favoured, by 
allowing the organisms the opportunity to sequester the lower fatty 
' 
acids by using their poly-P stores. In the anaerobic zone the other 
organisms are inoperative due to the unavailability of external 
electron acceptors. 
With regard to the source of lower fatty acids for growth of 
the poly-P organisms this is present in the influent in the readily 
biodegradable COD fraction. However, not all the readily biode-
gradable COD is likely to be in a lower fatty acid form. Under these 
circumstances the behaviour of the facultative heterotrophs may well be 
advantageous to the poly-P organisms. In the anaerobic reactor the 
facultative organisms can derive a small amount of energy (principally 
for survival) by generating internal to itself an electron acceptor 
to break down the higher forms of readily biodegradable material (like 
glucose) to lower fatty acids, via the Embden~Meyerhof pathway. 
"'le 
Florentz and Granger (1982), using p31 nuclear magnetic resonance 
techniques, present evidence showing polyphosphate accumulation under 
anoxic conditions with nitrate serving as the electron acceptor. 
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Under anaerobic conditions these acids cannot enter the Krebs cycle 
because of the lack of an external electron acceptor, and the lower 
fatty acids formed by the facultative heterotrophs are released to the 
bulk liquid. In this way the poly-P organisms still can sequested 
lower fatty acids even though none might be available in the influent. 
In this fashion a slow growing organism like Acinetobacter can flourish 
in an anaerobic-anoxic-aerobic mixed culture system even though it 
may be an obligate aerobe. Apparently within the time scale of normal 
anaerobic zones, i.e. actual retention times up to 2 hours, a signifi-
cant reduction of slowly biodegradable particulate COD to lower fatty 
acids is unlikely so that where lower fatty acid production does take 
place in the anaerobic reactor, this is principally from the readily 
biodegradable COD fraction. 
In terms of the biochemical model the P released in the 
anaerobic zone is due to the utilization of poly-P reserves to provide 
energy for complexing the lower fatty acids. From stoichiometry (see 
Marais et al. 1982) for every P released there is an approximately 
constant mass of lower fatty acid complexed - the ma'ss of poly-P 
organisms that will be formed depends on the mass of lower fatty acid 
complexed. The excess P removal attainable depends on the mass of 
* poly-P organisms formed which in turn depends on the proportion of 
mass of lower fatty acids and readily bi?degradable COD in the influent 
that is complexed by the poly-P organisms. 
Research of P release under batch anaerobic conditions using 
acetate as lower fatty acid (Law, Dold and Marais, 1982) has supported 
the above conclusions that there is an approximate proportionality 
between the mass of P released and the mass of acetate complexed -
about 1 mgP/R phosphate to 2 mgCOD/£ acetate. The rate of acetate 
complexing is very fast. Now in a normal municipal wastewater the 
lower fatty acid fraction of the readily biodegradable COD is likely 
to be low. Here the presence of the facultative heterotrophs may be 
important for the generation of the lower fatty acids. However, in 
this case the poly-P organisms can complex the lower fatty acids only 
* At steady state, the net number of poly-P organisms that 
form is equal to the number removed in the daily waste sludge. In 
essence excess biological P removal is the continuous formation of 
poly-P organisms and their removal from the process at a stage when 
they are filled with poly-P. 
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Fig 7.13a Phosphorus concentration profile i~ a 4 in-
series anaerobic reactor in a modified UCT 
process. Sti = 500 mgCOD/R raw wastewater, 
Sbsi ~ 150 mgCOD/R, sludge age 15 days, 
r-recycle ratio 1:1, temperature 20°C, MLVSS 
in anaerobic reactions 1450 mgVSS/R. 
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processes to be incorporated on the same plant (see Section 5 below). 
Comparing the results of the experiments under batch conditions and 
under continuous conditions with plug flow and multi-compartment 
anaerobic reactors with those predicted by the parametric model, 
it appeared that there is an inconsistency. The results showed 
that P release is obtained for acetate and readily biodegradable 
COD concentrations below 25 mgCOD/£ whereas in the continuous experi-
ments on which the parametric model is based this was apparently not 
so. The causes for the difference can be ascribed to (1) measure-
ment procedure and (2) kinetic behaviour. 
(i) Because the P concentration in the influent consists of two 
fractions i.e. a large soluble (80%) and a small particulate 
(-20%), an error is made when calculating the magnitude of the 
P release in the anaerobic reactor. In calculating the mag-
nitude of the P release a mass balance on P across the anaerobic 
reactor is made and this is done by assuming that all the P 
entering and leaving the reactor is in a soluble form, even 
that of the influent. The limitation of this method of 
measuring the P release was realized and is probably the 
principal reason why in the parametric model it was found that 
the P content of the active mass (y) once anaerobic conditions 
were imposed is 0,06 instead of the more usual value of 0,03 
for purely aerobic processes i.e. P release probably did take 
place for Sb < 25 mgCOD/£ and this stimulated the additional sa 
P uptake from 0,03 to 0,06. 
(ii) The parametric model indicates that apparently a minimum of 
25 mgCOD/£ readily biodegradable COD in the anaerobic reactor 
is needed .to induce excess P removal. A reason for this 
behaviour now can be advanced in terms of the kinetics 
describing the rate of P release observed on the series 
anaerobic reactors. A model has been constructed incorporat-
ing the kinetic P release hypothesis and all the data observed 
to date processed. The model predicts P uptake that is not 
as good as that obtained by the parametric model; evidently 
it requires further development. In consequence the model will 
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not be described here. However on one aspect of the model 
predictions deserve mention. Evidently for sludge ages of 20 
days and anaerobic mass fraction of 0,15 influent COD of raw 
sewage 500 mg/£ and Sb . = 100 mg/.e (the "normal" conditions 
s l. 
tested in the experimental investigation) in the anaerobic 
reactor only about 70 - 80 percent of the readily biodegradable 
COD is sequestered i.e. ± 20 to 30 mg/.e COD is discharged from the 
anaerobic reactor - this would explain why (Sbs-25) appears in the 
parametric model. If however the anaerobic reactor is subdivided 
into 2 or more reactors the Sbs in the effluent from such a series 
reduces to 5 to 10 mg/£. The effluent Sbs furthermore depends 
on the influent Sbs so that it would seem the factor (Sbs-25) is 
only an approximation. 
The discrepancies discussed above are not crucial to the predictive 
power of the parametric model_- a series of calculations using the 
kinetic and parametric approaches show that significant differences 
arise only for low strength COD wastewaters, and here the parametric 
model tends to predict lower removals than the kinetic model. However, 
the kinetic model is not yet verified or developed sufficiently to 
replace the parametric model. 
The above discussion is not intended to cast doubt on the parametric 
model and its usefulness; that can clearly be seen in Figs 7.10, 7.11 
and 7.12. The parametric model evolved out of an intensive research 
programme to develop an understanding of and design criteria for bio-
logical nutrient removal processes with little emphasis on kinetics. 
In the future, it is very likely that it will be superseded by a 
more elegant kinetic model without necessarily leading to very much 
better predictions. However, for the present, the parametric model 
is probably the best and most exhaustively tested model available 
and can be of great value for analysing biological P removal process 
behaviour as it is understood at present. The remaining part of 
this Chapter will demonstrate the use of the parametric model for 
design. 
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4. IMPLICATIONS OF THE;MODEL ON DESlGN. 
The parametric model for excess biological P removal consists essentially 
of two concepts i.e. (i) the coefficient of excess P removal (y) and 
(ii) the excess P removal propensity factor (Pf)' which are linked by 
an empirical relationship, Eq (7.7). 
4.1 Coefficient of Excess P removal (y) 
When excess P removal takes place, this will be reflected in the magni-
tude of the coefficient of excess P removal yin Eq (7.6), the value 
being greater than 0,02 to 0,03 mgP/mgVASS usually found for purely 
aerobic processes. With excess P uptake found in processes incorporat-
ing anaerobic reactors, can range from a minimum of about 0,06 to a 
maximum of about 0,35 when the appropriate anaerobic conditions are present. 
A plot of Eq (7.6) (divided through by Sti) versus sludge age (Rs) is 
given in Fig 7.14 for raw and settled wastewater (see Tables 4.3, 5.2 and 
6.1) at 14°C and 22°C assuming a constant y value of 0,18 mgP/mgVASS, a 
value readily attained in appropriately designed P removal plants. 
Figure 7.14 shows that the mass of P removed per mgCOD in the influent, 
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Fig 7.14 Phosphorus removal per 
kg COD load on biological proc-
ess versus sludge age for an 
excess P removal coefficient (y) 
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Fig 7.15 Propensity factor (Pf), 
rapidly biodegradable COD concen-
tration in anaerobic reactor (Sbsa) 
and coefficient of excess P removal 
(y) versus the nitrate concentration 
discharged to the anaerobic reactor 
for an anaerobic sludge mass fraction 
(fxa) of 0,10 for raw wastewater. 
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P /St'' decreases sharply with sludge age so that to remove the maximwn 
s i 
P, the sludge age should be kept as low as possible. The P removal per 
unit COD load is approximately the same for raw and settled sewage. 
Hence, because primary sedimentation removes as much as 40% of the COD 
load, P removal with settled wastewater is about 40% less than with 
raw wastewater. For a constant y the effect of temperature on removal 
is small because the nett mass of sludge produced does not change signi-
ficantly with temperature. 
4.2 Excess P Removal Propensity Factor (Pf) 
The magnitude of the coefficient of excess P removal y is influenced 
by a number of conditions in the anaerobic reactor: (1) the magnitude 
of the readily biodegradabli COD (Sb ) in excess of 25 mgCOD/£, (ii) sa 
the actual retention time and (iii) the mass of sludge (expressed as 
a fraction of the mass of sludge in the.process) passing through the 
anaerobic reactor each day. These conditions were quantified for the 
UCT and Phoredox processes and formalized into the parameter called the 
excess P removal propensity factor (Pf) given by Eq (7.5). The readily 
biodegradable COD concentration in the anaerobic reactor (Sbsa) for the 
UCT and Phoredox processes can be calculated from Eqs (8.1 and 7.2). 
These predictions are based on the model derived from observations on 
processes with sludge ages between 15 and 25 days. Where the sludge 
ages are outside the limits, in particular where the sludge ages are 
less than 15 days, it would be unwise to extrapolate the model to these 
conditions. 
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4.3 Excess P Removal Model 
The coefficient of excess P removal (y) and the propensity factor (Pf) 
described above were linked with an empirical relationship i.e. Eq (7.7) 
found from data given in Fig 7.9. Equation (7.7) shows that the 
higher the Pf factor, the greater the y coefficient. Consequently, at 
a fixed sludge age, the higher the Pf factor in a process, the greater 
the P removal per unit COD load (P /S .). 
s ti 
factors are obtained with (i) high influent 
For a fixed f , high Pf xa 
COD concentrations (for 
normal fbs fractions in the wastewater of about 20%) (ii) high readily 
biodegradable COD fractions (fbs) and (iii) a zero nitrate concentra-
tion in the recycles to the anaerobic reactor (N and N = 0). The 
nr ns 
sensitivity of excess P removal to nitrate discharged to the anaerobic 
reactor is demonstrated in Fig 7.15. In Fig 7.15, the Sb sa concentra-
tion, Pf factor and y coefficient calculated from Eqs (7.1, 7.2, 7,5 to 
7. 7) for the raw wastewate·r characteristics given in Tables 4.3, 
5.2 and 6.1 are plotted versus the nitrate concentration discharged 
to the anaerobic reactor for an anaerobic sludge mass fraction f xa 
underflow recycle ratio s = 1, D.O. in s-recycle a 
s 
= 1,0 mgO/£ and 
D.O. in influent D. = 0,0 mgO/£. 
i 
It can be seen that for nitrate 
0,10, 
concentrations > 7 mg/£, the y coefficient is reduced to one third of 
the value for a zero nitrate concentration; at 25 days sludge age 
and 14°C, this reduction in y from 0,22 to 0,07 mgP/mgVASS, results in 
a decline in P removal from 9,3 to 3,5 mgP/£. This example demonstrates 
that for good P removal, nitrate discharge to the anaerobic reactor 
should be avoidedw 
5. * DESIGN PROCEDURE 
When selecting a Phoredox or UCT process for excess P removal, it is 
necessary to establish whether or not near complete denitrification can 
be achieved for the selected sludge age (R ) and maximum specific 
s 
growth rate of the nitrifiers at 20°C (µnm 20). If near complete 
denitrification can be achieved for sludge ages less than about 25 days 
and total anoxic sludge mass fractions (f d ) less than about 0,40 at x t 
*The design procedure described in this section has been published in a 
shorter form by Ekama, Siebritz and Marais (1982). 
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the minimum temperature (T . ), then a Phoredox process is indicated; 
min 
if it cannot be achieved, then a UCT process is indicated. 
For the P removal processes, an anaerobic reactor is required for the 
stimulation of excess P removal, so that the maximum anoxic sludge 
mass fraction available for denitrification (f d ), is the difference x m 
between the maximum unaerated sludge mass fraction (f ) and the selected 
xrn 
anaerobic sludge mass fraction 
f 
xdm 





where fxm is given by Eq (5.32) for a selected Rs,µnmZO' Sf and Tmin" 
The denitrification behaviour of the Phoredox process is identical to 
that of the Bardenpho process, i.e. Eqs (6.25 to 6.29) apply. Note 
however, that f d for the Phoredox process is given by Eq (7.8) x m 
whereas f d for the Bardenpho process is given by Eq (6.24). Hence x m 
for the same unaerated sludge mass fraction f , the Phoredox process xm 1 
has a lower f d than the Bardenpho process, by an amount equal to f . 
x m xa 
Now from the behaviour of the Bardenpho process (see Chapter 6,Section 7), 
it was.shown that when the wastewater characteristics are favourable, in 
particular, a high readily biodegradable COD fraction (fbs)' a high 
µnmZO value and a low TKN/COD ratio, near complete denitrification 
can be achieved at sludge ages around 20 to 25 days (see Fig 6.17). 
Consequently for favourable wastewater characteristics near complete 
denitrif.ication, and hence excess P removal can be achieved in the 
Phoredox process (because the effluent nitrate concentration is low 
and hence little nitrate is discharged to the anaerobic reactor). 
The excess P removal attainable, P , is calculated with the aid of 
s 
the parametric model described above and knowing P , the effluent P 
s 
concentration Pte given by the difference between the influent P 
concentration P . and P i.e. 
tl. s 
p 
te P . - P· (mg P/£) ti s 
(7. 9) 
In the design of a Phoredox process for a selected sludge age, if it 
is found that the total anoxic sludge mass fraction for complete 
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denitrification fxdt is less than the maximum allowed fxdm' the following 
options are open: 
1) fxl and fx 3 can be increased to give a total anoxic sludge mass fraction 
equal to f d which introduces a factor of safety for denitrification, 
x m 
the magnitude of which is equal to f d /f d . x m x t 
2) The sludge age can be reduced so that f . becomes equal to fxdt. The 
XGm 
lower sludge age will allow a saving in process volume (see Fig 4.3). 
This lower sludge age R , can be estimated as follows: set f d equal s x m 
to fxdt required for complete denitrification at Tmin; determine fxm from 
Eq (7.8); with f calculate R from Eq (5.32); to check repeat step 
xm s 
by step procedure for the new R . 
s 
3) For the Phoredox process, f can be increased to improve excess P xa 
removal, so that fxdm = fxdt from Eq (7.8). 
Options (2) and (3) above are not recommended as these exclude a factor 
of safety in denitrification: Exclusion of a factor of· safety on deni-
trification for the Phoredox process may have serious consequences because 
the discharge of any nitrate to the anaerobic reactor reduces the P 
removal attainable in the process (Fig 7.15). 
For design purposes where the Phoredox process is to operate between 
temperatures T . and T , the following sequence of calculations 
min max 
needs to be made to check whether or not complete denitrification can 
be achieved in a Phoredox process and, if so, to select the optimal 
process configuration for N and P removal: 
Step 1 Select wastewater characteristics; S . , N . , p . , fb ' f , fus, ti ti ti s up 
µ T T . • nm20' max' min 
Step 2 Select Rs and Sf. 

















Estimate N for T and T te max 
With f and f us' calculate up 
selected R from Eq s 
Calculate 
Select f xa 







for T and T for max min 
Calculate D from Eq (6.25) for T and for T . with pp max min 
f d given by Eq (7.8). 
x m 
Select s, O and O . a s 
Calculate f 1 . from Eq (6.21) for T and for T .. x min max min 
Calculate f 
3 
. from Eq (6.29) for T and for T .. 
x min max min 
Select the a-recycle ratio and calculate N for T . from Eq (6.: 
ne min 
If N < 0, set N = 0. ne ne 
With Nne calculate fxl' fx3 and fxdt from Eqs (6.26 to 6.28). 
Check that f 1 ~ f 1 . and f 3 ~ f 3 
. . x x min x x min If not, discard 
selected a-recycle ratio as invalid. 
Repeat steps 12 to 15 fdr different a-recycle ratios. 
Repeat steps 12 to 16 for T max 
Fix fxl and fxJ by procedure given in Chapter 6, Section 6.2. 
This fixes N and hence N . 












Calculate 6Sb from Eq (7.2b). sa 
Calculate Sb from Eq (7.lb). sa 
Calculate Pf from Eq (7.5). 
Calculate Y from Eq (7.7) 
Calculate P from Eq (7.6). s 
Calculate Pte from Eq (7.9). 
7.39 
Is Pte sufficiently low? 
f at expense of f d ; 
If not, decrease R or increase 
s 
xa x m however improvement will only be 
achieved if f d < f d i.e. N < 0,0; x t x m ne 
i.e. N > 0, changes will increase P 
ne te 
Repeat calculations for T 
max 
if fxdt = fxdm 
Can required P be achieved with the Phoredox process? 
te 
if not, select·a UCT process. 
When the required P removal cannot be attained in the Phoredox process 
due to incomplete denitrification, the UCT or Modified UCT processes 
* are the indicated processes. The configuration of the UCT processes 
is such that the conditions in the anaerobic reactor are independent 
of the denitrifi~ation behaviour for TKN/COD ratios up to about 0,13. 
Hence in their design, the P removal can be estimated from the 
conditions in the anaerobic reactor without the need to know the 
extent of denitrification i.e. N and P removal can be dealt with 
separately in the design of these processes. 
In the design for excess P removal in the UCT process, the readily bio-
degradable COD concentration in the anaerobic reactor (Sbsa) can be 
found directly from Eq (7.la and 7.2a) without the need for selecting 
R orµ · .Sb depends only on the influent COD strength (S .), the s nm20" sa ti 
readily biodegradable COD fraction (fbs) and the r-recycle ratio from 
the anoxic to the anaerobic reactor. The r-recycle ratio usually is 
*rt is possible to design a Modified Phoredox/Modified UCT/UCT process 
combination, see later in this section. 
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selected at 1:1; higher ratios lead to greater dilution of Sb with sa 
a concomitant reduction in P removal and lower values lead to in-
ordinately large anaerobic reactor voZwne fractions with respect to 
the anaerobic sludge mass fractions (see Eqs 7.10 to 7.11). Select-
ing r = 1 and the nitrate (N ) and D 0 (O ) concentrations in the nr · r 
r-recycle of say 1 mgN/£ and 1 mgO/£ to include a factor of safety 
for excess P removal, then Sb can be calculated from Eqs (7.la and sa 
7.2a) and will remain unchanged irrespective of the temperature. 
Knowing Sb , the propensity factor Pf can be calculated from Eq (7.5) sa . 
for a selected anaerobic sludge mass fraction fxa' and from the Pf 
value, they coefficient can be calculated from Eq (7.7). Knowing 
y, the P removal from the particular wastewater can be calculated 
from Eq (7.6) for a selected sludge age (R ). 
s 
The P removal should 
be determined at T because, for a constant Sb or y, the P max sa 
removal at T max is less than at T . (Fig 7. 6). min Hence, for various 
values of f , the P removal at 
xa 
different sludge ages can be calculated, 
and estimates of f and R giving the desired or optimal P removal can xa s 
be found. In selecting f , it is recommended that f should not be xa xa 
less than 0,10 and not greater than 0,20: for f < 0,10, the P removal xa 
usually will be inadequate even at relatively short sludge ages for 
normal wastewaters, particularly for settled wastewaters; for f > 0,20 
xa 
no UCT experimental response data are available so that the parametric 
model has not been calibrated to include the process behaviour for f 
xa 
'" > 0,20. At fxa = 0,20, the process has been found to operate satis-
factorily (Siebritz et aZ. 1982b). With regard to selecting R , cog-
s 
nizance must be taken of its effect on the maximum unaerated sludge mass 
fraction f (Eq 5.32) because, with f fixed, f fixes the maximum xm xa xm 
anoxic sludge mass fraction f d (Eq 7.8) which, in turn, governs the 
x m 
degree of denitrification that can be achieved. 
Once f and R are selected, the denitrifiction can be calculated by xa s 
applying the design equations for N removal in the MLE process, except 
that f d is given by the difference between f and f (see Eq 7.8). x m xm xa 
For design purposes, where the process is to operate between tempera-
tures Tmin and Truax' the following sequence of calculations is 
recommended to facilitate selection of the optimal process configuration 
Laboratory and pilot scale data on process behaviour for fxa > 0,20 is 
available from the NIWR (see Interim Design Guide by NIWR). 
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Select wastewater characteristics; s ti' N ti' 
p 
ti' fbs' 
llnm20' T max' T . min 
Select r (usually 1,0) and N and 0 (say 1 mg/£ each). nr r 
Calculate Sb from Eqs (7.la and 7.2a). sa 
Select f (between 0,10 and 0,20). xa 
Calculate Pf from Eq (7.5) and y from Eq (7.7). 
Select R . s 
Calculate p from Eq (7. 6) for T and for T . 
s max min 




Is P adequate? If not repeat steps 4 to 8 for increased te 
f and/or R 
xa s 
(see Design Chart Fig 7.15). 
Select Sf. 
Calculate f for T . fro~ Eq (5.32). xm min 
With fxm and Rs calculate Sf for Tmax from Eq (5.32). 
Estimate N for T and T . . te max min 
With f and f , calculate N for T and T . for up us s max min 
selected R from Eq (4.23). 
s 
Calculate N from Eq (5.33) c 
Calculate D from Eq (6.25) for T and for T with pp max min 






Select s, 0 and 0 . 
a s 
Calculate a from Eq (6.30) and N from Eq (6.31). 
o ne 
Are P and N adequate? 
te ne If Pte is too high, increase fxa 
or reduce R - these changes will 
s 
increase N ; If P 
ne te 
is 
too low, decrease f 
xa 
or increase R - these changes will 
s 
decrease N ne 
Repeat from steps 4 to 17 until required or optimal P and te 
N is obtained. 
ne 
Having completed the design for the UCT process, if the influent TKN/COD 
ratio is less than about 0,11 to 0,12 mgN/mgCOD, the process may be 
converted to a modified UCT process (Fig 7.6). The conversion is done 
by subdividing the anoxic sludge mass fraction (f d ) into two sub-x m 
fractions; the first is usually allocated a sludge mass fraction fxdl 
of about 0,10, and the second, fxd 2 , having the remaining sludge mass 
fraction i.e. fxd 2 = fxdrn-fxdl" Having made this subdivision, the 
possibility of operating the modified UCT process (Fig 7.6) as a UCT 
process (Fig 7.5) is not excluded; by making provision that the r-
recycle flow to the anaerobic reactor can be taken from either the first 
or the second anoxic reactors, the process can be operated as either a 
modified UCT or a UCT process (Fig 7.16~. The advantages of operating 
the process as a modified UCT process were set out in Section 2.2.3 above 
(see also Chapter 3, Section 4): 
It is necessary to check whether or not the modified UCT/UCT process 
combination can be operated as a modified UCT process. For successful 
operation of the modified process, the denitrification potential of the 
first anoxic reactor must be greater than, or at least equal to the 
equivalent nitrate load on the reactor at the minimwn expected temperature 
(T . ) • m-in The denitrification potential is calculated by substituting 
fxdl = 0,10 for fxl in Eq (6.20). The equivalent nitrate load is 
found from the effluent nitrate concentration (N ) from the UCT process, ne 
the s-recycle ratio and the D.O. concentration in the s-recycle (0 ) 
s 
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i.e. the equivalent nitrate load is s(N + 0 /2,86). ne s For TKN/COD 
ratios < 0,12 mgN/mgCOD, it will be found that the denitrification 
potential is sufficient to denitrify the equivalent nitrate load with 
a reasonable factor of safety (Sfd) of say 1,3. Where Sfd is the 
rate of the denitrification potential and the equivalent nitrate 
load on the first anoxic reactor. 
By setting fxdl = 0,10, usually it will be found that the reactor is 
sufficiently large for complete utilization of the influent readily 
biodegradable COD (Sb .). This can be checked by means of Eq (6.21). si 
If T . is less than 14°C, it may be found from Eq (6.21) that 0,10 min 
is insufficient for complete utilization of the Sb .. In this event, 
si 
fxdl can be increased slightly to a maximum of 0,12. Values of 
fxdl > 0, 12 are not recommended because for temperatures > Tmin, the 
reactor will be over-designed leading to a reduced nitrogen removal 
efficiency of the process. By designing the first anoxic reactor 
(fxdl) to allow the possibility of complete or near complete utilization 
of the Sb ., the process can achieve excess P removal up to the TKN/COD 
si 
ratio at which Sb . is completely utilized. This TKN/COD ratio can be si 
calculated by trial and error by testing increasing TKN/COD ratios on 
the process. 
Generally it will be found that the higher the TKN/COD ratio, the lower 
the factor of safety Sfd for complete denitrification of the equivalent 
nitrate load on the first anoxic reactor. 
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Fig 7.16 The modified UCT/UCT process 
combination for biological P and N 
removal. 
When Sfd < 1,1, the prospect 
of operating the modified UCT/ 
UCT process combination as a 
modified UCT process has little 
merit. This limit is strongly 
dependent on the influent readily 
biodegradable COD fraction fbs: 
For normal fbs ratios in raw 
wastewaters of 0,20 to 0,25, it 
will be found that sfd is less 
than 1,1 for TKN/COD ratios above 
0,11 to 0,12 mgN/mgCOD at a minimum temperature of 14°C. When the fbs 
fraction and TKN/COD ratio of the influent are such that operation of the 
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modified UCT process is not possible then it must be operated as a 
UCT process. In the UCT process, if the a-recycle ratio is too low 
to prodtice an actual anoxic retention time lower than 1,5 hours, 
poor sludge settling characteristics may be obtained, and should be 
taken into account in the design of the secondary settling tanks (see 
Chapter 12). 
When the influent readily biodegradable COD fraction and TKN/COD ratio 
are such that operation of a modified UCT process is possible, the 
mixed liquor a-recycle ratio is set at the greater value of two lower 
limits i.e. (1) that which loads the second anoxic reactor to its 
denitrification potential or (2) that which will produce an actual 
anoxic retention time of less than 1 hour. The first limit is cal-
culated with the aid of Eq (6.30) except that D is replaced by the 
pp 
denitrification potential of the second anoxic reactor, which can be 
calculated by substituting the anoxic sludge mass fraction of the 
second anoxic reactor fxd 2 for fxl in Eq (6.20). The second limit is 
found by calculating the volume of the second anoxic reactor as set 
out below (see Section 7.5 above)and with the specified s-recycle ratio 
and influent flow rate, finding the a-recycle ratio which would produce 
arr actual retention time of 1 hour. 
A problem with the design of a nutrient removal process is that at the 
design stage the wastewater characteristics, in particular the TKN/COD 
ratio and maximum specific growth rate of the nitrifiers at 20°C (µnm20), 
are not sufficiently accurately known to design an optimal nutrient 
removal process. With regard to the µnm20 value little can be done 
(besides measuring it, van Haandel (1981) and Sehayek (1981) with Marais) 
other than selecting a conservative value. However, with regard to the 
TKN/COD ratio virtually complete process flexibility can be provided for, 
so'that depending on the TKN/COD ratio, the process can be operated as a 
Modified Phoredox, Modified UCT and UCT process. A schematic diagram of 
a proce~s with this flexibility is given in Fig 7.17 (incorporation of 
the 5 stage Phoredox is difficult due to the problem of having to convert 
the secondary anoxic reactor to an aerobic reactor). Note in Fig 7.17 
that the anaerobic sludge mass fraction is subdivided into 4 equal sized 
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Fig 7.17. Schematic process configuration layout showing 
additional and optimal recycles and flows allowing 
operation as a Modified Phoredox, Modified UCT or 
UCT process. 
(1) From a practical point of view, for the same anaerobic reactor 
volume, the UCT process has an anaerobic sludge mass fraction 
half that for the Modified Phoredox process. Consequently in 
the design, the anaerobic volume must be such that when the 
process is operated as a UCT process, the required anaerobic 
sludge mass fraction is retained. If then the process is 
required to be operated as a Modified Phoredox, the first and 
second compartments can be bypassed thereby allowing the same 
anaerobic sludge mass fraction to be used for the Modified 
Phoredox process. It should be noted that if the anaerobic 
volume is not reduced when converting to a Modified Phoredox, the 
aerobic sludge mass fraction will be reduced, and this reduction 
may be detrimental for achieving nitrification, particularly at 
the lower temperatures. The equations for calculating the 
relationship between the volume fractions and sludge mass 
fractions for the different processes are given in Section 7.5 
below. 
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(2) From a theoretical point of view, the kinetics of biological excess 
P removal are such that for the same total anaerobic sludge mass 
fraction subdivision into a number of equal sized completely mixed 
compartments in series is more efficient than a single completely 
mixed reactor (see Section 3.4 above). Theoretically the greater 
the number of compartments in series the better but practically very 
little advantage is gained with more than 3. In the proposed 
composite configuration (Fig 7.17), the anaerobic zone comprises 
of 4 compartments when operated as a UCT process and 2 when opera-
ted as a Modified Phoredox. With the Modified Phoredox considera-
tion could be given to utilizing three of the four anaerobic 
compartments but caution should be exercised in not increasing 
the anaerobic sludge mass fraction too much because its increase 
is at the expense of the aerobic sludge mass fraction with the 
result that nitrification and/or phosphorus uptake may be adversely 
affected (see Chapter 10). 
The design calculations for the Phoredox and UCT processes set out above 
will be demonstrated with the aid of •·mrked examples after the presentation 
of a design chart for graphically estimating the excess P removal 
attainable. 
6. DESIGN CHART 
The excess biological P removal theory described in Section 3 above 
can be summarized in a design chart (see Fig 7.is). For a raw or 
settled wastewater, the chart is constructed as follows: 
(i) In the bottom right hand quadrant, a graph of total influent 
COD concentration (S .) versus readily biodegradable COD ti 
concentration. (Sbsi) for various readily biodegradable COD 
fractions (fbs or fts) is plotted from Eqs (2.8a or 2.9a). 
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Fig 7.18 Design chart for graphically estimating the excess P 
removal attainable in nutrient removal processes at 
14°C treating raw wastewater provided no nitrate is 
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Sb . is plotted for different anaerobic sludge mass fraction 
si 
(f ) and fixed recycle ratio to the anaerobic (r or s) assuming 
xa 
say nb nitrate or dissolved oxygen is discharged to the 
anaerobic reactor from Eqs (7.1 or 7.2 and 7~5). 
(iii) The left hand side of the Pf axis is rescaled. in terms of y by 
means of Eq (7.7). 
(iv) In the upper left hand quadrant a graph of P removal per unit 
COD (P /S .) versus y is plotted for different sludge ages for 
s ti 
fixed temperature from Eq (7.6). 
(v) In the bottom left hand quadrant, a graph of Ps versus Sti is 
plotted for fixed removals of P in mg/£. 
The diagram constructed by the above procedure is valid for the 
selected wastewater characteristics f f and Temperature. An up us 
example of such a diagram is given in Fig 7.18 for the typical raw 
wastewater characteristics given in Table 4.3. In the construction 
of the diagram, it is assumed that no nitrate (and dissolved oxygen) 
is discharged to the anaerobic reactor. Consequently.the chart is 
valid for (i) the Phoredox process provided that complete denitrif ica-
tion can be achieved so that the nitrate concentration in the under 
flow recycle is zero, (ii) the UCT process provided the mixed liquor 
a-recycle ratio is carefully controlled so that it does not overload 
the primary anoxic reactor with nitrate and (iii) the modified UCT 
process provided the effluent nitrate concentration is sufficiently 
low so that the underflow recycle does not overload the first anoxic 
reactor with nitrate. 
The design chart is used as follows: For the raw wastewater character-
istics given in Table 4.3 (i.e. f 0,13, f up us 0,05) and taking a 
temperature of 20°C, draw a horizontal line at the influent COD 
concentration S . of 600 mg COD/£ (line AB). Now the readily biode-ti 
gradable COD fraction with respect to total COD (f ) is 0,20 (i.e. 
ts 
fbs = 0,24, the fraction with respect to the biodegradable COD). 
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Moving to the right; where. line AB cuts .th~ fts = 0,20 line, draw a 
vertical line (line CD). Moving upwards along line CD; where line 
CD cuts the selected anaerobic sludge mass fraction line (say 0,10), 
draw a horizontal line (line EF). Moving left along line EF; the 
intercepts with the Pf and y axes give the values of these parameters. 
Where line EF cuts the selected sludge age line (say 25 days), draw 
a vertical line (line GH). Moving downwards along line GH; the 
intercept with the P /S . axis gives the value of this parameter, and 
s ti 
moving further down, the P removal in mgP/£ is given at the intercept 
of lines GH and AB i.e. 8,8 mgP/£. Hence the P removal for a raw 
wastewater with S . = 600, f = 0,20 (fb = 0,24), f 7 0,10 and ti ts s xa 
R = 25 days at T ~ 20°C is 8,8 mgP/£. Clearly, with the aid of the s 
diagram, the effect of changing R , f and f (fb ) on P removal s xa ts s 
can readily be ascertained (subject to the provisos mentioned above 
for the different processes). 
7. DESIGN EXAMPLES 
The design of excess P removal in nutrient removal processes by means 
of the procedure set out above is demonstrated by continuing the 
numerical example given in Chapter 4, Section 12 (in which the design 
procedure for organic material removal was demonstrated), Chapter 5, 
Section 8 (in which the behaviour of nitrification was demonstrated) 
and Chapter 6, Section 7 (in which nitrogen removal was demonstrated). 
The wastewater characteristics used in the design example, which are 
those of a typical raw and settled municipal wastewater, have all 
been defined and are given in Tables 4.3, 5.2 and 6.1. The causes 
and effects of variability in some of these characteristics, such as 
temperature, denitrification rates, readily biodegradable COD fraction 
etc. have been discussed in detail in Chapter 6, Sections 7.1 and 7.2. 
Many of the decisions related to the design of excess P removal in a 
·nutrient removal process are contingent upon the nitrogen removal 
behaviour of the process. Consequently, in the design example 
continuous reference to the design examples for nitrogen removal will 
be made, i.e. Chapter 6, Section 7 and a thorough understanding of 
this section, and nitrogen removal in general, will be presumed. 
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7.1 The Phoredox Process 
In the calculations for nitrogen removal in the Bardenpho process 
treating the raw wastewater at 25 days slud3e age and 14°C, it was found tl-
a total anoxic sludge mass fraction (fxdt) of 0,40 was required to 
achieve complete denitrification (see Table 6.3). Now the total 
unaerated sludge mass fraction (f ) was found to be 0,50. Hence 
xrn 
the largest anaerobic sludge mass fraction (f ) to effect excess P xa 
removal in a Phoredox process, (which requires near complete de-
nitrification to achieve good excess P removal)(see Chapter 3, 
Section 4) is 0,50-0,40 = 0,10 (from Eq 7.8). Because complete 
denitrification can be achieved with f d = 0,40, the nitrate concen-. . x t 
tration in the underflow recycle (N ) is zero, and, taking the D.O. ns 
concentration in the underflow recycle (0 ) as 1 mgO/£, the readily 
s 
biodegradable COD in the anaerobic reactor (Sb ) for an underflow sa 
recycle ratio (s) of 1 is found from Eqs (7.lb and 7.2b) 1.e. 
LSbs 1(8,6.o +3,0.l) + o 
s bsa 
3 
{0,24(1- 0,13-0,05) 600 - 3}/(l + 1) 
57,5 mgCOD/£. 
The propensity factor Pf is found from Eq (7.5) 1.e. 
(57 ,5-25) .0, 10 3,25 mgCOD/£ 
and the coefficient of excess P removal y is foµnd from Eq (7.7) 1.e. 
y 0,35 - 0,29exp (-0,242.3,25) 
0,218 mgP/mgVASS. 
Hence the P removal at 25 days sludge age and 14°C is found from 
Eq (7 .6) i.e. 
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p 600 { (l-0,05-0,13)0,45.(0,218 + 0 015 2 2 2) 
s (l+0,20.25) ' .o, o.o, 0. 5 
+ 0,015.0,13/1,48 } 
600 { 0,0615 (0,218 + 0,015) + 0,0013 } 
600.0,0156 
9,4 mgP/£. 
The influent P concentration is 10 mgP/£ so that with 9,4 mgP/£ removal, 
the effluent P concentration Pte is 10,0-9,4 = 0,6 mgP/£ (see Eq 7.9). 
Similarly, the P removal at 22°C is found to be 8,0 mgP/£. Note 
that Sbsa' Pf and y remain unchanged at different temperatures but 
Ps is decreased because bh in Eq (7.6) is increased to 0,25/d at 22°C 
(see Table 4.1). The important design results are listed in Table 
7 .1. 
In the design of the Phoredox process above, f was set at the maximum xa 
value leaving a just sufficiently large fxdt to attain_complete deni-
trification. This leaves the Phoredox process in a critical state 
because to achieve the estimated P removals, complete denitrification 
should be achieved (see.Fig 7.15). However, this cannot be guaranteed 
because there is no factor of safety on the denitrification. To 
introduce a factor of safety on the denitrification two options are 
open; (i) the primary anoxic sludge mass fraction (fxl) can be 
increased, but this will have to be at the expense of a reduction in 
f (because f is fixed at 0,50 to achieve nitrification) but a xa xm 
reduction in f will cause a reduction in P removal - from the design xa 
chart at 20°C (Fig 7.18) a reduction inf from 0,10 to 0,07 reduces xa 
the P removal from 8,8 to 7,7 mgP/£, (ii) the sludge age can be 
increased allowing a larger unaerated sludge mass fraction (f ), and xm 
hence, with f fixed at 0,10, allowing a larger anoxic sludge mass xa 
fraction (f d ). However, the sludge age not only requires a larger 
x m 
process volume, but also reduces the P removal - from the design chart 
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Table 7.1 Summary of design calculations for the Phoredox and UCT 
processes treating raw or settled wastewater at 25 days 
sludge age (Wastewater characteristics given in Tables 
4.3, 5.2 and 6.1). 
Raw Wastewater Settled Wastewate1 
Parameter Symbol Units 
Phoredox UCT Phoredox UCT I 
Temperature T oc 14 22 14 22 14 22 14 
Safety factor sf 1,25 2,7 1,25 2,7 1,25 2,7 1,25 
Max.unaerated sludge mass f 0,50 0,50 0,50 0,50 0,50 0,50 0,50 xm 
Effluent TKN Nte mgN/£ 3,0 2,0 3,0 2,0 3,0 2,0 3,0 
N for ·sludge production N mgN/£ 12,6 12,0 12,6 12,0 5,7 5,4 5,7 s 
Nitrification capacity N mgN/£ 32,4 34,0 32,4 34,0 32,3 33,6 32,3 c 
Anaerobic sludge mass f o, 10 0,10 0,10 o, 10 0, 10 0,1010,10 xa l 
Max.anoxic sludge mass fdxrn 0,40 0,40 0,40 0,40 0,40 0,4010,40 
Max.denit.potential D rngN/£ 37,2 49,7 37,2 49,7 27,2 35,4,27,2 
PP 
D.O. in a-recycle 0 mgO/£ 2,0 2,0 2,0 2,0 2,0 2,0 12,0 a 
I D.O. in s-recycle Os ) 
or ) 
mgo/.e 11, 0 1,0 1,0 1,0 1,0 1,0 11,0 
Underflow recycle ratio s , l ,O 1,0 l,O 1,0 1,0 1,0 jl,O 
Prim.anoxic sludge mass fxl 0,16 0,40 0,40 0,26 0,26!0,40 Io, 16 
Sec.anoxic sludge mass 
I 
0,141 fx3 0,24 0,24 - - 0, 14 -I 
I 
Total anoxic sludge mass fxdt o,4o 0,40 0,40 0,40 0,40 0,40,0,40 
Optimum a-recycle ratio a 3,3 4,2 s,o* s 0 1' 1,3 
3,0 r·s 0 ' 
Effluent nitrate N mgN/£ 0,0 o;o 4,6 4,8 8,0 4,8 7,2 ne 
Nitrate recycled to Nos} 
lo,o anaerobic reactor 
Nnr 
mgN/£ o,o o,o 0,0 0,0 8,0 4,8 
Readily bio. COD in s mgCOD/ 57 57 57 57 16,5 30,0 50;8 
anaerobic reactor bsa .e 
Propensity factor pf mgCOD/ 3,3 3,3 3,3 3,3 0,00 0,50 2,57 
coefficient 
.e 
y mgP/ 0,22 0,22 0,22 0,22 0,06 0,093 0, 195 
mg VASS 
mgP I .e 
I 
p removal p 9,4 8,0 9,4 8,0 1,9 2,3 1s,1 s 
Effluent P concentration pte mgP/£ 0,6 2,0 0,6 2,0 6,6 6,2 13,4 
* These are not the calculated optimum values but are values 
at the practical and economical limit (see Chapter 6, Section 


























(Fig 7.18), an increase in R from 25 to 30 days (which increases f 
s xdt 
from 0,40 to 0,43) reduces the P removal from 8,8 mgP/£ to 7,6 mgP/£. 
Clearly the raw wastewater influent TKN/COD ratio (i.e. 0,08) is just 
on the limit for successful implementation of the Phoredox process -
any increase in TKN/COD ratio will result in significant concentrations 
of nitrate in the effluent and underflow recycle (> 3 mgN/£) which, 
when discharged to the anaerobic reactor, will cause a deterioration 
in P removal (Fig 7.15). 
From the above, it is clear that the TKN/COD ratio of the settled· 
wastewater (i.e. 0,114) is too high to attain excess P removal in 
the Phoredox process. This is demonstrated in the calculations below: 
'i~ 
For this process operating at 25 days sludge age with f 
xa 
hence f d = 0,40, from the denitrification theory an N 
x m ne 
;~ 
= 0,10 and 
of 4·,8 mgN/ £ 
is obtained at 22°C with f 1 = 0,26, f 3 = 0,14, a = 3,0 and N = 8,0 x x o ne 
mgN/£ at 14°C with a = 1,3 (see Table 7.1). At 14°C, with 8 mgN/£ 
0 
nitrate in the effluent and underflow s-recycle, and taking the s-recycle 
r~tio to be specified at 1:1, and contains a D.O. concentration (Os) of 
1 mgO/£, then from Eqs (7.lb and 7.2b), the readily biodegradable COD 
concentration in the anaerobic reactor (Sbsa) is only 16,5 mgCOD/£, 
which is too low for stimulating excess P removal. Hence from Eq (7.5) 
the propensity factor (Pf) is 0,0 and from Eq (7.7), they coefficient 
is at its minimum of 0,06 mgP/mgVASS. From Eq (7.6), with y = 0,06, the 
P removal (P ) at R 
s s 
= 25 and T = 14°C is 1,9 mgP/£, which, from Eq (7.9), 
with P . = 8,5 mgP/£ ti gives an effluent P concentration (P ) of 6,6 mgP/£, te 
(see Table 7.1). A similarly poor P removal is obtained also at 22°C 
(see Table 7.1). Clearly when the wastewater characteristics are such 
that near complete denitrification cannot be obtained, the Phoredox 
process will not function as an efficient biological P removal facility. 
7.2 The UCT Processes 
In the UCT processes, the complicating effect of the possibility of a 
discharge of nitrate to the anaerobic reactor is absent. Consequently, 
in such a design, the nitrogen and phosphorus removal aspects can be 
* Selected the same as for the raw wastewater case so that a direct 
comparison can be made between the settled and raw wastewaters. 
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dealt with separately and the P removal in the processes can be calcula-
ted without first having to determine the effluent nitrate concentration. 
In the design of the UCT or modified UCT processes, first the UCT process 
(Fig 7.5) is designed and once this is complete, a check 1s made as to 
whether or not this configuration can be converted to a modified process 
(Fig 7.6). It is recommended that where it is possible to convert the 
UCT process to a modified one, the option of operating the modified 
process as a UCT process should always be included (see Fig 7.16). Con-
sider also the option of incorporating the Modified Phoredox/Modified UCT/ 
UCT combination (see Fig 7.17). 
At the same sludge age, anaerobic sludge mass fraction and temperature, 
the P removal attainable in the UCT process is the same as that attain-
able in the Phoredox process with complete denitrification i.e. when no 
nitrate is discharged to the anaerobic reactors of both processes. 
* Consequently, with the UCT process operating at 25 days sludge age with 
* f = 0,10 , the P removal from the raw wastewater is 9,4 mgP/£ at 14°C xa 
and 8,0 mgP/£ at 22°C. Note also that for the same process parameters 
R , f f and temperature, the nitrification capacity N and s xa' xdm c 
denitrification potential D for the UCT process are identical to pp 
those for the Phoredox process. The nitrogen removal behaviour of 
the UCT process is identical to that of the MLE process and hence the 
effluent nitrate concentration N and optimum mixed liquor a-recycle ne 
ratio a are found from N and D with the aid of Eqs (6.30 and 6.31); 
o c PP 
from Eq (6.30), a at both 14°C and 22°C is greater than the practical 
0 
limit of 5 and hence a is limited at 5 which gives N at 14°C and 
o ne 
22°C as 4,6 mgN/£ and 4,8 mgN/£ respectively from Eq (6.31). The 
important design details emerging from the above calculations are given 
in Table 7.1. A comparison of the Phoredox and UCT process will be 
given once the design of the UCT process treating the settled wastewater 
has been demonstrated. 
* Selected the same so that a direct comparison between the Phoredox 
and UCT process can be made. A design with different Rs and 
fxa to eff~ct better P removal (at the cost of poorer N removal) will 
be presented below. 
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With the UCT process treating the settled wastewater at 25 days sludge 
·;•,. 
age and an anaerobic sludge mass fraction of 0,10, the P removal is 
calculated from the theory (note that now, the P removal is not the 
same as that in the Phoredox process because with the settled waste-
water in this process, nitrate is discharged to the anaerobic reactor). 
Taking the nitrate recycled to the anaerobic reactor in the UCT process as O,O 
and an r-recycle ratio of 1:1 with a D.O.concentration (Or) of zero mgO/£, 
the readily biodegradable COD concentration in the anaerobic reactor 
(Sb ) is found from Eqs (7.la and 7.2a) i.e. sa 
6Sbs 1 (8,6.0 + 3,0.1) + 3,0.0 
3 mg COD/£ 
sbsa { 0,33.(l-0,08-0,04).360-3}/(l+l) 
50,8 mgCOD/£. 
The propensity factor Pf is found from Eq (7.5) i;e. 
(50,8-25).0,10 2,58 mgCOD/£ 
and they coefficient is found from Eq (7.7) i.e. 
y 0,35-0,29exp (-0,242.2,58) 
0,195 mgP/mgVASS 
Hence the P removal P at 25 days sludge age and 14°C is found from 
s 




45 (0 195 0 015 0 20 0 20 25) 
(l+0,20.25) ' + ' . ' . ' . 
+ 0,015.0,04/1,48} 
5,1 mgP/£. 
The effluent P concentration P is given by Eq (7.9) i.e. te 
p 
te 8,5-5,1 3,4 mgP/£. 
Similarly, P and P at 22°C are 4,3 and 4,2 respectively. s te 
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The nitrogen removal behaviour of the UCT process is found from 
Eqs (6.30 and 6.31) - note that the nitrification capacity N and c 
denitrification potential D , with f = 0,40 are identical to 
PP xdm 
those of the Phoredox process. At 14°C the effluent nitrate con-
centration N and optimum a-recycle ratio a are 7,2 mgN/£ and ne o 
2,5 and at 22°C, the calculated a is greater than the practical 
0 
limit of 5 and with a = 5 N 
' ne 
4,8 mgN/£. Important design 
deta~ls of the N and P removal design are given in Table 7.1. 
7.3 Comparison of Phoredox and UCT Processes 
Comparing the Phoredox and UCT processes at 25 days sludge age and 
anaerobic sludge mass fraction of 0,10 (see Table 7.1), it can be seen 
that for the' raw wastewater, the Phoredox and UCT processes achieve 
the same excess P removals, but the N removal is better in the Phoredox 
than in the UCT process; the former achieves comple~ denitrification 
whereas the latter produces an effluent nitrate concentration of SmgN/£. 
However, the Phoredox process is in a critical state in that an 
unexpected increase in TKN/COD ratio above 0,08 will result in a 
deterioration in excess P removal. In contrast the UCT process can 
accommodate unexpected increases in TKN/COD ratio up to about 0,13 
(0,11 for the modified process), while maintaining its calculated 
excess P removal of 9,4 mgP/£ at 14°C; this flexibility is at the 
cost of producing a minimum effluent nitrate concentration of SmgN/£. 
From the above results, the following general conclusion can be 
made: For wastewaters with TKN/COD ratios and readily biodegradable 
COD fractions such that the Phoredox process can achieve good excess 
P removals, its effluent nitrate concentration will be near zero. For 
the same conditions the UCT process will also achieve good excess P 
removal but its effluent nitrate concentration will be 5 to 6mgN/£. 
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In the Phoredox process, the good effluent quality is at the cost of 
process flexibility to acc.onunodate unexpected 1'KN/COD ratio increases; 
this flexibility is incorporated in the UCT process but it is at the 
cost of a poorer effluent quality. In these situations (which usually 
arise with wastewater of TKN/COD ratio less than 0,08 with 20 to 25% 
readily biodegradable COD fraction, f ), the process to select would ts 
depend on the variability in TKN/COD ratio of the wastewater. 
Comparing the Phoredox and UCT processes treating the settled waste-
water with a TKN/COD ratio of 0,114, it can be seen that both 
processes produce approximately similar effluent nitrate concentrations 
(see Table 7.1). However, with respect to excess P removal, the 
Phoredox process can be seen to have a poorer P removal facility than 
the UCT process; the difference arises from the fact that in the 
Phoredox process, the exclusion of nitrate from the anaerobic reactor 
becomes impossible once near complete denitrification cannot be 
achieved, whereas in the UCT process, this is possible up to TKN/COD 
ratios of about 0,13 (depending on the fbs (fts) fraction). 
7.4 Redesign of the UCT Process 
·Although in the UCT process the exclusion of nitrate from the anaerobic 
reactor is possible, thereby allowing the greatest pot~ntial for P 
removal, the actual P removal attained in the process for the settled 
w~stewater is insufficient to reduce the effluent P concentration (P ) · · te 
below 1 mgP/£. This is because the anaerobic sludge mass fraction 
(f ) and sludge xa 
P < 1 mgP/£. 
te 
age (R ) have been incorrectly selected to attain s 
To improve the P removal, R needs to be reduced 
s 
and f xa increased. 
From the design chart for raw wastewater (Fig 7.18), 
if f is increased from 0,10 to 0,15 and the sludge age decreased from 
xa 
25 to 20 days, the estimated P removal (at 20°C with no nitrate and 
D.O. recycled to the anaerobic reactor) is 11,5 mgP/£. 
Accepting an anaerobic sludge mass fraction of 0,15 and the sludge age 
of 20 days, the design of the UCT process for raw and settled wastewater 
at 14°C and 22°C was undertaken and the important design results are 
listed in Table 7.2. By following the step by step procedure, the 
-
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Table 7. 2 Summary of design calculations for the UCT process operating 
at 20 days sludge age with an anaerobic sludge mass fraction 
of 0,15 treating raw and settled wastewaters (Wastewater 
characteristics given in Tables 4.3, 5.2 and 6.1). 
Parameter S'ymbol I Units 
Raw Settled 
Wastewater Wastewater 
Temperature T oc 14 22 14 22 
Nitrate in r-recycle I Nnr mgN/£ 1,0 1,0 1,0 1,0 
D.O. in r-recycle 
I Or 
mgO/£ 1,0 l,o· 1,0 1,0 
Influent biod.COD sbi mgCOD/£ 492 492 317 317 I 
Rapidly biod.COD fraction I fbs - 0,24 0,24 0,33 0,33 I 
r-recycle ratio I r - 1,0 1,0 1,0 1,0 
Rapidly biod.COD in anaer. I sbsa mgCOD/£ 53,3 53,3 46,5 46,5 
Anaerob.sludge mass I fxa 0,15 0,15 0,15 C,15 ! 
Propensity factor I Pf mgCOD/£ 
I 
4,24 4,24 3,22 3,22 
I 
' 
y coefficient y mgP/ mgVASS 0,246 0, 2Lf6 0,217 o, 211 
p removal Ps mgP/£ 12,2 10,4 6,7 5,6 
Effluent P pte mgP/£ 0,0 0,0 1,8 2,9 
Factor of safety Sf - 1,25 2,9 1,25 2,9 
Max.unaerated sludge mass fxm - 0,42 0,42 0,42 0,42 
Effluent TKN Nte mgN/£ 3,0 2,0 3,0 2,0 
N for sludge production NS mgN/£ 13,2 12,6 6,1 5,7 
Nitrification capacity I Ne mgN/£ 31,8 33,4 31,9 33,3 
Max.anoxic sludge mass I fxdm - 0,27 0,27 0,27 0,27 i 
Denitrification potential Dpp mgN/£ 29,0 37,3 22,0 27,3 
Underflow recycle ratio s - 1,0 1,0 1,0 1,0 
D.O. in a-recycle Oa mgO/£ 2,0 2,0 2,0 2,0 
D.O. in s-recycle Os mgO/£ 1,0 1,0 1,0 1,0 
Opt. a-recycle ratio ao - 3,6 5 o;'' 0,93 2,25 ' 
Effluent nitrate Nne mgN/£ 5,7 4,8 10,9 7,9 
UCT process modification 
1st Prim.Anoxic fxdl - 0, 10 0,10 0, 10 o, 10 
Denitrification potential Dpdl mgN/£ 19,6 21,8 16,0 18,0 
Equiv.nitrate load mgN/£ 6,1 4,9 11, 3 8,3 
Factor of safety Sfd - 3,2 4,5 1,4 2,2 
Modification successful Yes Yes 
,., 
The calculated a 0 value (i.e. 9,3) ·is greater than the practical limit 
of 5. Hence a0 is set equal to the practical limit of 5. 
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calculations for the raw wastewater at 14°C and 22°C is demonstrated: 
Accepting an r-recycle rati~ ~o t~e anaerobic reactor (r) of 1, with 
1 mgN/£ nitrate '(N ) and 1 mgO/£ dissolved oxygen (0 ) (to introduce nr r 
a factor of safety), the readily biodegradable COD concentration in 
the anaerobic reactor (Sb ) is found from Eqs (7.la and 7.2a) sa 
1(8,6.1 + 3,0.1) + 3,0.0 11, 6 mgCOD/ £ 
sbsa { 0,24 (1-0,13-0,05) 600 - 11,6}/(l+l) 
53,3 mgCOD/£. 
With f xa 
0,15, the propensity factor Pf is found from Eq (7.5) i.e. 
= (53,3-25).0,15 4,25 mgCOD/£. 
The y coefficient is found from Eq (7.7) i.e. 
y 0,35-0,29exp (-0,242.4,25) 
0,246. 
With Rs = 20 days, the P removal Ps at 14°C and 22°C is found from 
Eq (7. 6) i.e. 
Ps = 600 {(l-~i!~~~0~;~~· 45 (0,246 + 0,015.0,20,0,20.20) 
+ 0,015:0,13/1,48} 
12,2 mgP/£. 




5)o, 45 (0,246 + 0·015 0 20 0 25 20) 




As both these removals are greater than the influent P concentration, 
the effluent P concentration can be taken to be zero. 
Accepting a nitrification safety factor (Sf) of 1,25 the maximum 
unaerated sludge mass fraction at 20 days sludge age, 14°C and µnm20 
= 0,36/d is found from Eq (5.32). (Temperature dependency of nitrifica-
tion constants are given in Table 6.2 ), i.e. 
f 1 - 1,25 (0,034 + 1/20)/0,18 
xm 
0,42 
With fxm = 0,42, Sf at 22°C is found from Eq (5.32), i.e. 
sf = (1-o,42).0,454/(0,042+1/20) 
2,9. 
Because a reasonable Sf at 14°C has been selected, complete nitrifica-
tion can be assumed to take place and hence effluent TKN concentration 
of 3,0 mgN/£ at 14°C and 2,0 mgN/£ at 22°C are acceptable. The 
nitrogen requirement for sludge production at 14°C and 22°C is found 
from Eq (4.23) i.e. 13,2 at 14°C and 12,6 at 22°C. Hence the nitri-
fication capacity N is found from Eq (5.33) i.e. 31,8 at 14°C and 
c 
33,4 at 22°C. 
With f xm and f fixed at 0,42 and 0,15 respectively, the maximum xa 
anoxic sludge mass fraction (f d ) is given by Eq (7.8) i.e. f d 
' x m x m 
0,42 - 0,15 = 0,27. With f d = 0,27, the denitrification potential x m 
of the primary anoxic reactor with f 1 = f d = 0,27 is found from x x m 
Eq (6.2J) 1.e. 29,0 mgN/£ at 14°C and 37,3 at 22°C. With N and D 
c pp 
known and selecting the underflow s-recycle ratio as 1 and the D.O. 
in the a- and s-recycles (0 and 0 respectively) as 2 and 1 mgO/£ a s 
respectively, the nitrogen performance is found from Eqs (6.30 and 
6.31) i.e. the optimum a-recycle ratio (a ) and effluent nitrate 
0 
concentration (N ) at 14°C is 3,6 and 5,7 mgN/£ respectively and at ne 
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22°C the calculated a is greater than the practical limit of 5 (i.e. 
0 
9,3) so that a is set at 5 giving N = 4,8 mgN/£ (see Table 7.2). 
o ne 
For design details of the above procedure see Chapter 6, Section 7.5. 
The results in Table 7.2 show that for the raw wastewater at 14°C 
and 22°C, more P can be removed than is present in the influent so 
that an effluent P concentration of less than 1 mgP/£ can be obtained 
with a factor of safety. The effluent nitrate concentrations are 
5,7 mgN/£ at 14°C and 4,8 mgN/£ at 22°C. Comparing these results 
with the Phoredox process at 25 days sludge age (Table 7.1), it can be 
seen that Phoredox process produces a better effluent quality. 
However, the UCT process incorporates a factor of safety on the P 
removal whereas the P removal in the Phoredox process depends on the 
attainment of near complete denitrification without a factor of 
safety. Consequently, although the UCT process yields a poorer 
N removal, the P removal can be attained with greater surety in the 
event of unexpected increases in the TKN/COD ratio.. The upper limit 
of the TKN/COD ratio can be calculated by testing higher TKN/COD ratios 
on the design and for approximately normal wastewater this is about 0,13. 
For the settled wastewater, the P removal (P) is 6,7 mgP/£ at 14°C s 
and 5,6 mgP/£ at 22°C, leaving 1,8 mgP/£ and 2,9 mgP/£ in the 
effluent at 14°C and 22°C respectively. The effluent nitrate con-
centrations (N ) are 10,9 mgN/£ and 7,9 mgN/£ at 14°C and 22°C ne 
respectively. If p s is insufficient, then f can be increased to xa 
its maximum of 0,20, but this will result in a poorer N removal i.e. 
with f = 0,20, P xa s 
6,4 mgP/£ and N ne 
= 7,5 mgP/£ and N ne 
9,7 mgN/£ at 22°C. 
12,2 mgN/£ at 14°C and P s 
If the N removal with 
f = 0,20 is xa insufficient, then the sludge age can be increased to 
improve the N removal but the increase in R will reduce the P removal. 
s 
(see design chart). Clearly there are limits to which biological 
nutrient removal can be achieved even in an optimally designed process. 
These limits, and hence the effluent quality, are dependent on 
the influent wastewater characteristics, in particular the readily 
biodegradable COD fraction, the TKN/COD ratio and the P/COD ratio i.e. 
the higher the first and the lower the other two the better the 
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effluent N and P quality. However, it should be noted that biological 
N and P removal can be improved by adding readily biodegradable COD to the 
process (see Chapter 3, Section 3.3). The effect of this external 
COD addition on the N and P removal in a process can be checked by 
appropriately adjusting the readily biodegradable COD fraction and 
influent COD concentration. 
Having completed the design for the UCT process, it is necessary to 
check whether or not the process can be operated as a modified UCT 
process (Fig 7.6). The conversion to the modified UCT process is done 
by subdividing the anoxic sludge mass fraction in two subfractions; 
the first is usually allocated a sludge mass fraction of fxdl of about 
0,10, and the second, fxd 2 ' having the remaining sludge mass fraction 
i.e., fxd 2 = fxdm-fxdl' For successful operation of the modified 
UCT process, the denitrification potential of fxdl (Dpdl) must be 
greater to its equivalent nitrate load imposed by the underflow s-
recycle at the minimum expected temperature T . • The equivalent min 
nitrate load is calculated from the effluent nitrate concentration for 
the UCT process before subdivision and is given by s(N + 0 /2,86). ne s 
The factor by which D d.l is greater than s(N + 0 /2,86) is called the . p ne s 
factor of safety (Sfd) and it is recommended that this-factor be 
greater than 1,2. (see Section 5 above). 
The calculations for the modification of the UCT process treating the 
raw and settled wastewaters at 20 days sludge age with an anaerobic 
sludge mass fraction of 0,10 are given in Table 7.2. For both the 
raw and settled the modification is acceptable - the factor of safety 
Sfd at 14°C for the raw wastewater is 3,2 and for the settled waste-
water is 1,4. Generally it will be found that the modification is 
acceptable for TKN/COD < 0,12 with a readily biodegradable COD 
fraction (fb
8
) around 0,25. The TKN/COD ratio limit for successful 
application of the modification is strongly dependent on the readily 
biodegradable fraction fbs - the lower the fraction the lower the 
TKN/COD ratio limit (see Section 5 above). It should be noted also 
that the magnitude of the anaerobic sludge mass fraction f , plays xa 
a role as to whether or not a UCT process modification will be 
successful. For example, at 20 days sludge age with f xa 0,20, 
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the effluent nitrate concentration treating settled wastewater at 14°C 
·;'c 
is 12,2 mgN/£ , giving an equivalent nitrate load of 12,6 mgN/£; with 
Dpdl' = 16,0 mgN/Q (see Table 7.2), the factor of safety Sfd = 1,26, 
which is lower than that obtained with f d 0,15 (see Table 7.2), and 
xa 
near the limit where the modification would be acceptable. 
When checking whether or not the modified UCT process can be successfully 
applied, it is necessary to check that the first anoxic reactor is 
sufficiently large to allow complete utilization of the readily biode-
gradable COD. This is checked by means of Eq (6.22) (see Section 5 
above). From Eq (6.22), the minimum anoxic sludge mass fraction to 
completely utilize the readily biodegradable COD at 14°C is 0,062 and 
0,085 for the raw and settled wastewaters respectively (see Table 6.3). 
Hence fxdl = 0,10 is adequate. By designing fxdl to allow the 
possibility of complete utilization of the readily biodegradable COD, 
the modified process can achieve excess P removal up to the TKN/COD 
ratio at which the effluent nitrate concentration is so high that all 
the readily biodegradable_COD is utilized. This TKN/COD ratio can be 
calculated by trial and error by testing increasing TKN/COD ratios on 
the process. 
Having made the modification to the UCT process, the possibility of 
operating it as a UCT process is not excluded; by making provision 
that the r-recycle flow can be taken from either the first or the 
second anoxic reactor (see Fig 7.15) the process can be operated 
either as a modified UCT or a UCT process. The advantages of 
designing the process as a modified UCT process were set out in 
detail in Section 2.2.3 above. Furthermore complete flexibility of 
process operation can be incorporated into the plant by providing optional 
recycles allowing the plant to be operated as a Modified Phoredox, Modified 
UCT or UCT process (see Fig 7.17). Also, irrespective of the type of pro-
cess or combination of processes that are selected for a particular design, 
it is strongly recommended that the anaerobic reactor is subdivided into 
three or four compartmen~s and operated in series. The advantage of this 
series system anaerobic reactor is given in Section 3.4 above. 
7.5 Process Volume 
The volumes of the reactors of the Phoredox process are calculated by means 
of the method described in Chapter 6, Section 7.6.1 and for the same sludge 
sludge age, temperature and COD load, the total volume of a Phoredox 
process will be the same as that of the Bardenpho process, i.e. 
subdivision of the process volume between the different reactors 
;~See page 7.61. 
7.64 
is proportional to the sludge mass fractions of the different reactors. 
The reactor volumes and retention times for the Phoredox process at 
25 days sludge age (see data in Table 7.1) are set out in Table 7.3. 
With the UCT process, and its modification the MLSS (or MLVSS) is not 
uniform throughout the process with the result that the reactor volume 
fractions are .not equal to the sludge mass fractions. There are two 
methods for determining the volume fractions (or volumes) of the 
reactors: 
i) By calculating the reactor volume fractions from the mass fractions 




f {(l+r)/(r+f )} 
xa xa (7. 10) 
and the anoxic and aerobic volume fractions are given by 
1 - {f /(r+f )} 
xa xa (7 .11) 
where 
first subscript v and x refer.to volume and mass fractions 
respectively and second subscripts a,d and b refer to anaerobic, 
anoxic and aerobic reactors respectively. 
Knowing the volume fractions, the volumes of the reactors are 
calculated from the total volume of the process for a selected mean 
process MLSS concentration Xt (see Eq '4 .16). For the selected 
mean MLSS concentration Xt, the HLSS concentrations in the reactors 
are given by the following equations; in the anaerobic reactor (X ), 
ta 
x 
ta x .f /f t xa va 
in the anoxic (Xtd) and aerobic (Xtb) reactors 
X /[1-{f /(r+f ) }] 





Table 7.3 Reactor volumes and nominal and actual retention times 
for the Phoredox process treating raw and settled waste-
waters at 25 days·sludge age. For process performance 
see Table 7.1. 




Sludge Mass H(Xt) 54200 21850 kgTSS 
Average MLSS cone. xt 4000 4000 mg/ R. 
Total volume VP 13550 5460 m3 
Total flow Q 13330 13330 m3/d 
Total nom.ret.time Rht 24,4 9,8 hr 
Mixed liq. recycle (14°C) a 3,3 1,3 -
Underflow recycle s 1,0 1,0 -
Anaerobic 
Mass fraction fxa 0, 10 o, 10 
Volume 1355 546 m3 
Norn. ret. time 2,4 1,0 hr 
Actual ret.time 1,2 0,5 hr ' 
Primary Anoxic 
Mass fraction fxl 0,16 0,26 
Volume 2168 1420 m3 
Nom.ret.time 3,9 2,6 hr 
Actual ret.time 0,74 _o, 79 hr 
Main Aeration,.' 
Mass fraction 0,45 0,45 
Volume 6098 2457 m3 
Nom.ret.time 11,0 4,4 hr 
Actual ret. time 2,1 1,34 hr 
Secondary Anoxic 
Mass fraction fx3 0,24 0,14 
Volume 3252 764 m3 
Nom.ret.time 5,9 1,4 hr 
Actual ret.time 2,9 0' 7 hr 
Reaeration* 
Mass fraction 0,05 0,05 
Volume 678 273 m3 
Nom.ret.time 1,2 0,50 hr 
Actual ret.time 0,6 0,25 hr 
* The reaeration reactor is usually taken to have a sludge mass fraction 
of 0,05 to 0,07 and this fraction is deducted from the aerobic sludge 
mass fraction; the remaining aerobic sludge mass fraction constitutes 












From Eq (7.13), it can be seen that the sludge concentration in 
the anoxic (Xtd) and aerobic (Xtb) reactors is greater than the 
selected mean concentration Xt. For r = 1 and fxa = 0,15, Xtd 
-
and Xtb are 15% higher than Xt. This higher than mean aerobic 
reactor sludge concentration must be taken into account in the 
design of the secondary settling tanks, which receive the outflow 
from the aerobic reactor. 
ii) By calculating the reactor volumes from the sludge mass fractions 
for a fixed aerobic reactor sludge concentration Xtb; if the anaerobic 
sludge mass fraction is f , then the remaining sludge (1-f )MXt' xa xa 
is diluted into the anoxic and aerobic reactors i.e. the combined 
volumes of the anoxic and aerobic reactors is given by (1-fxa)MXt/Xtb' 
The subdivision of this volume is easily found from their sludge 
mass fractions because the sludge concentrations .in these reactors are t 
saoe. Now the sludge concentration in the anaerobic reactor Xta is 
a fraction r/(l+r) of the concentration in the aerobic reactor i.e. 
X = X b r/(l+r). ta t Knowing the mass of sludge in the anaerobic 
reactor i.e. f 
xa 
by f MXt/X . xa ta 
than method (i) 
MXt' and the concentration Xta the volume is given 
This method will yield a larger process volume 
for the same aerobic reactor sludge-concentration Xtb' 
Comparing the volumes of the UCT process attained with the above two 
methods with volume of the Phoredox process, method (i) will produce a 
process volume equal to that of the Phoredox for the same mean process 
concentration Xt but the aerobic reactor sludge concentration in the UCT 
process will be greater than that in the Phoredox {by a factor (l+f )}, xa 
and method (ii) will produce a process volume larger than that of the 
Phoredox {by a factor (l+f )} for the same aerobic reactor sludge xa 
concentration. Reactor volumes, retention times for the UCT process 
as found from method (ii) are given in Table 7.4. 
7.6 Oxygen Demand 
The average daily oxygen demand for a nitrogen and phosphorus removal 
process is calculated in the identical fashion as that for a nitrogen 
removal process. This is discussed in detail in Chapter 6, Section 7.6.2. 
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Table 7.4 Reactor volumes and nominal and actual retention times 
for the modified UCT process.treating raw and settled 
wastewaters at 20 days sludge age. For process per-
formance see Table 7.2. 
Wastewater 
Process Parameter Symbol 
Raw Settled 
Sludge mass H(Xt) 54200 21850 
Aerobic reactor .MLSS cone. xtb 4000 4000 
Anaerobic sludge fraction f xa 
0,15 0,15 
Anaerobic sludge mass 8130 3278 
Anoxic + Aer. sludge mass 46070 18572 
Anoxic + Aer. volume 11518 4643 
Total anoxic sludge fraction f xdm 0,27 
0,27 
First primary anoxic fxdl o, 10 o, 10 
Second primary anoxic fxd2 0,17 0,17 
Aerobic sludge mass fraction fxb 0,58 0,58. 
1st Anoxic volume 1355 546 
2nd Anoxic volume 2304 1475 
Aerobic volume 7860 3168 
r-recycle ratio r· 1 1 
Anaerobic MLSS cone. Xta 2000 2000 
Anaerobic volume 4065 1639 
:rotal volume 15583 6282 
-
Average process cone. xt 3480 3480 
Opt.a-recycle ratio a 3,6 o , 9 3 j, I 1 , s """ 
0 
Underflow recycle ratio s 1,0 1,0 
Influent flow Q 13330 13330 
Retention times 
· Anaerobic : Nominal 7,3 3,0 
Actual 3,6 1,5 
1st Anoxic: No;ninal 2,4 1,0 
Actual 0,8 0,3 
2nd Anoxic: Nominal Lf·, 1 2,7 
Actual 0,9 1,4"'/l, l'lo'< 
Aerobic : Nominal 14,2 5 ·' 7 
Actual 3,1 3 0 1'/2 3jo'< , , 
* Based on the calculated optimum mixed liquor recycle ratio a0 . ** Based on a mixed liquor recycle ratio to yield an actual anoxic 





























A simple design rule by means of which the average peak daily oxygen 
demand can be estimated from the influent COD and TKN load variation 
over the day is also given in this section. 
8. GUIDELINES FOR PROCESS SELECTION 
From the theory of biological excess P removal and the nitrogen 
removal behaviour of the various processes, the following broad guide-
lines can be given to assist the selection of a process: 
8.1 Process Selection 
1) If the readily biodegradalbe COD concentration in the influent 
(Sbsi) is less than 60 mgCOD/£ (irrespective of the influent COD 
concentration), ·significant excess P removal is unlikely to be 
obtained in any of the processes. 
2) If Sbsi > 60 mgCOD/£, excess P removal can be achieved provided 
nitrate can be excluded from the anaerobic reactor, the removal 
increasing as Sb . increases. si Whether or not nitrate can be 
excluded from the anaerobic reactor depends on the influent TKN/COD 
')'( 
ratio and the process type. The limits given below are for 
approximately normal wastewaters, (eg. with readily biodegradable 
COD fraction f around 15 to 20%) and where complete nitrification 
. . 1o'<ts 
is obhg11tory 
i) If the TKN/COD < 0,08 mgN/mgCOD, complete nitrate removal is 
possible and the Phoredox process is indicated. 
ii) If 0,08 < TKN/COD < 0,11 complete nitrate removal no longer is 
possible, but nitrate can be excluded from the anaerobic reactor 
by using the modified UCT process. 
iii) If 0,11 < TKN/COD < 0,14, the modified UCT process no longer can 
exclude nitrate from the anaerobic reactor and the UCT process is 
indicated provided the a-recycle ratio is carefully controlled. 
I 
However, poor settling sludges may be encountered. 
iv) If TKN/COD > 0,14 it is unlikely that biological excess P removal 
will be achieved with normal municipal wasteflows. 
'" Generally, the higher the fts ratio above 0,20, the higher these limits and the lower 
the fts ratio below 0,20 the lower these limits. These different limits can be calcu-
lated with the theory present in this monograph using different fts ratios. 
''<i<In South Africa, complete nitrification is obligatory. Where complete nitrification 
not obligatory, nitrate discharge to the anaerobic reactor can be avoided by limiting n 
rification by e.g. limiting the oxygen supply to the process, but in South Africa, suer 
strategy falls in line more with an emergency action than a design criterion. 
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8.2 Anaerobic Sludge Mass Fraction Selection 
The readily biodegradable COD fraction (fts) is approximately 0,20 
for raw municipal wastewaters (i.e. fbs about 0,25), and approximately 
0,30 for settled municipal wastewaters (i.e. fbs about 0,34) - see 
Table 6.2 and Chapter 3, Section 3. Consequently, for approximately 
normal municipal wastewaters, the lower the COD strength (Sti) the 
lower the Sb ., when S . for raw wastewater is less than 250 mgCOD/£, si ti 
Sb . is less than 50 mgCOD/£ and the attainment of excess P removal si 
for r or s-recycle ratios of 1:1 is unlikely or sporadic even if the 
process is correctly selected and designed. Conversely the higher 
the S ., the greater the Sb . and the easier it is to establish the ti si 
conditions for excess P removal and obtain high P contents in the active 
mass of the sludge y. As y is related to both (Sb -25) and the sa 
anaerobic sludge mass fraction f , the adverse effect of low (Sb -25) xa sa 
at low S . can be countered to a degree by increasing f to its * ti xa 
maximum of 0,20. 
The following guidelines based on raw COD strengths are not unreasonable 
for an initial estimate of f to obtain good excess P r~movals for 
xa 
approximately normal municipal wastewaters: 
i) S . < 400 mgCOD/£, f ti xa 0,20 
ii) 400 < s . < 700, f = 0,15 ti xa 
iii) S . > 700 mgCOD/£ f 0,10 ti xa 
The above initial estimates must be checked and modified depending on 
the actual P/COD and readily biodegradable COD fraction. 
8.3 Subdivision of Anaerobic Reactor 
Recent research has indicated that it is advantageous to subdivide the 
anaerobic reactor into a number of compartments operated in series. 
This is because the absorption of readily biodegradable COD by the poly-P 
accumulating organisms appears to be a first order reaction (see Section 
3.4 above) so that, for the same anaerobic sludge mass fraction, a series 
of completely mixed reactors operates more effectively than a single 
*See footnote page 7.40. 
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completely mixed reactor. Theoretically, the greater the number of 
equal volumed compartments the better, but practically very little 
advantage is gained by having more than 3 to 4. Four compartments 
would appear to be the most suitable because then, by providing the 
required additional recycle flows, the process can be operated as a 
Modified Phoredox or UCT type process each with approximately the 
same anaerobic sludge mass fraction (see Fig 7.17). 
9. CLOSURE AND CONCLUSIONS 
The above calculations demonstrated that: 
1) The average wastewater characteristics govern the design of and the 
effluent quality attainable in an activated sludge process for bio-
logical N and P removal. The principal wastewater characteristics are: 
(i) the COD concentration (Sti) 
(ii) the readily biodegradable COD fraction (fts) 
(iii) the TKN/COD ratio 
(iv) the maximum specific growth rate of the nitrifiers at 20°C <i.inmzo) 
(v) the maximum and minimum temperatures CT max) and Tmin) 
(vi) the P/COD ratio. 
2) Once the sludge age of a selected process is fixed the removals 
of N and P attainable are fixed and the N and P removal efficiencies 
then depend on the TKN/COD and P/COD ratios of the wastewater. 
Because for approximately normal wastewaters (fts = 0,20) complete 
denitrification can only be achieved for the TKN/COD ratios less 
than 0,08 (without the addition of an external energy source), the 
higher the ratio above 0,08, the lower N removal efficiency. 
3) Attainment of excess P removal is crucially dependent on the readily 
biodegradable COD concentration in the influent Sb .. For recycle 
s i 
ratios to the anaerobic reactor of 1:1, if Sb . < 50 mgCOD/£, it is 
s i 
highly unlikely that excess P removal can be achieved in any process; 
if Sb . < 50 mgCOD/£, excess P removal can be achieved provided s i 
nitrate can be excluded from the anaerobic reactor, in which event, 
the degree of excess P removal depends on the magnitude of Sb . above 
s i 
50 mgCOD/£ and the influent COD strength Sti" The sensitivity of 
excess P removal to the Sb . concentration is such that any practice 
s i 
that reduces Sb . should be avoided (see Chapter 3, Section 3) and 
s i 
conversely, any practice which increases Sb . should be encouraged 
s i 
(see Chapter 3, Section 3 and Chapter 6, Section 7.1.3). ' 
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4) In general, the establishment of a readily biodegradable COD 
concentration in the anaerobic reactor (Sb ) in excess of 25 mgCOD/.e, sa 
to stimulate excess P removal, becomes i-µcreasingly more difficult as 
the raw influent COD strength of the wastewater (S .) decreases: For 
ti 
average readily biodegradable COD fractions ranging between 0,20 to 
0,25, the minimum S . for which Sb is greater than 25 mgCOD/Q is ti sa 
about 250 mgCOD/Q; as S . increases above 250 mgCOD/Q, the ti 
establishment of Sbsa greater than 25 mgCOD/.e becomes increasingly 
easier and the excess P removal per unit influent COD increases 
and the attainment of excess P removal becomes less sensitive to 
external factors, e.g. D.O. control in the process. 
5) Cyclic flow and load conditions do not appear to affect the mean 
daily excess P removal, in fact, the removal often is improve, 
particularly under low average influent COD conditions. The reason 
for this improvement is that under the cyclic conditions (with constant 
recycle flows) during the peak periods the peak COD is higher than 
the daily clean causing a higher (Sb -25) condition and hence higher sa 
P removals during the associated high flow period. However, under 
cyclic flow conditions the D.O. concentration in the aerobic reactor 
must be closely controlled; too high D.O. concentration reduces the 
nitrate removal whereas too low concentration may inhibit nitrifica-
tion, inhibit excess uptake of P and adversely affect settling. The 
practical difficulties associated with oxygen control are such that 
serious consideration should be given to equalization tanks operated 
under a control strategy that equalizes both flow and load. 
a strategy is now available (Dold, Buhr and Marais, 1982) (see 
Chapter 10 on the operation of nutrient rel!loval processes). 
Such 
6) For successful excess P removal in the Phoredox process, near complete 
denitrification must be achieved to avoid excessive nitrate discharge 
to the anaerobic reactor. Complete denitrification can be achieved 
only for TKN/COD ratios < 0,08 mgN/mgCOD for readily biodegradable 
COD fractions (f ) of 0,20 at 14°C. For TKN/COD ratios > 0,08* 
ts 
mgN/mgCOD, complete denitrification is unlikely to be achieved and the 
indicated processes for obtaining excess P removal are the UCT type 
processes. 
7) In the UCT type processes, by appropriate control of the mixed liquor 
a-recycle, the anaerobic reactor can be protected against nitrate 
discharge for TKN/COD ratios up to 0,14 mgN/mgCOD even though nitrate 
will be present in the effluent. For TKN/COD ratios < 0,11, the 
* See footnotes pages 7.68 and 7.7j. 
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modified UCT process can achieve excess P removal and has the 
advantage over the UCT process of less need for operator intervention 
and is more likely to maintain reasonably good sludge settling 
characteristics. For TKN/COD ratios > 0,11 mgN/mgCOD, the only 
process that can achieve excess P removal is the UCT process, but it 
is possible that rather poor sludge settling characteristics will 
be obtained if the influent COD is high. 
8) For TKN/COD ratios > 0,14 mgN/mgCOD, it is unlikely that biological 
excess P removal can be obtained when complete nitrification is 
obligatory due to the inability to achieve sufficient denitrification 
without the addition of an external energy source. However, such 
high TKN/COD ratios are unlikely to be encountered in raw or settled 
municipal wastewaters. 
9) Primary sedimentation is unfavourable for achieving high removals of 
both N and P because it significantly increases the TKN/COD and P/COD 
ratios and significantly reduces the COD strength of the wastewater 
although the readily biodegradable COD concentration is only marginally 
affected. However, primary sedimentation significantly reduces the 
process volume requirements and total oxygen demand. 
10) For design of nutrient removal plants the influent wastewater character-
istics (or their ranges) need to be known with much greater surety than 
for conventional activated sludge plants otherwise a design may be 
produced that fails totally in its P removal objectives. Vital 
influent characteristics are listed in (1) above. Useful data are 
the Total Alkalinity and the unbiodegradable COD fractions f us and 
f up In the event that the vital characteristics are known only 
approximately, values should be selected that lead to conservative 
designs, usually at the cost of reduced N and P removal. 
11) The selected process must have factors of safety built into it or 
have flexibility in operation, so that if the influent characteristics 
are more adverse than accepted for design, it will be possible to 
accommodate them. For example, if a Phoredox process is selected 
it is recommended that normally the maximum TKN/COD ratio should not 
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exceed 0,07TmgN/mgCOD and the process should have a built-in safety 
factor by designing it for 0,08tmgN/mgCOD. For TKN/COD ratios > 0,07t 
mgN/mgCOD, the Phoredox/modified UCT/UCT process should be selected; 
with this process combination, by appropriate regulation of the re.-
cycles, excess P removal can be induced (subject to Sbsi). Theore-
tically, at low TKN/COD ratios (~0,08t), the Phoredox process will 
be the optimal one, but practically its inflexibility to accommodate 
TKN/COD ratio variations which exceed 0,08 is a disadvantage. With 
the modified UCT/UCT process excess P removal can be obtained (subject 
to Sbsi) ~t the expense of N removal. By providing the various optional 
recycles, the best results can be obtained when required during the life 
of the plant. 
12) The selected process should require the least amount of decision 
10. 
making from the operator to obtain consistent results. In this 
* regard the modified UCT/UCT process appears to lend itself most 
readily to setting operational procedures to absorb adverse 
conditions when these arise. Also operational adjustment to 
mitigate the regular changes in wastewater flow and characteristics 
observed over different days of the week can be preprogrammed. 
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CHAPTER EIGHT 
SECONDARY SETTLING TANKS 
by 
G A Ekama, A R Pitman, M Smallen and G v R Marais 
INTRODUCTION 
In the activated sludge process, it is necessary to separate 
the treated wastewater from the biologlcal sludge mass thereby pro-
ducing a clear final effluent. This solid/liquid separation phase 
is traditionally achieved by gravity sedimentation tanks although 
* flotation has also been shown to be feasible. Only solid/liquid 
separation by gravity sedimention in secondary settling tanks will be 
considered in this chapter. 
process. 
The secondary settling tank is a vital part of the activated 
It combines the function of a clarifier (producing a clari-
fied final effluent) and a thickener (producing a continuous underflow 
of thickened sludge for return to the biological reactor) (Fig 8 .1). 
Should the settling tank fail in either of these two functions, sludge 
will be carried over the effluent weirs and escape with the effluent. 
Besides delivering an effluent of poor quality, loss of sludge could 
affect the behaviour of the biological process by uncontrolled reduc-
tion of the sludge age to values below that required for proper plant 
performance, for example, if the sludge age is reduced to below that 
required for nitrification, nitrogen removal by denitrification will 
cease. 
The conditions in the biologi~al reactor affect the settling 
and clarification characteristics of the sludge. For example, under 
aeration reduces the settleability of the sludge; over aeration may 
lead to pin-flock formation and poor clarification even though the 
sludge maintains good settling characteristics and often in processes 
where large proportions of the sludge are intentionally unaerated as in 
nutrient removal processes, poor settling characteristics are encoun-
tered. Thus, the functions of the biological process and that of the 
* A design guide for solid/liquid separation and waste sludge 










Sludoe return flow 
Fig a·.1 The activated sludge process incorporating the secondary 
settling tank for liquid-solid separation. 
secondary settling tank interact upon eachother and the design of the 
one cannot be undertaken independently of the other - failure in either 
of these two unit processes causes failure of design objectives. 
The settling characteristics of the sludges in activated sludge 
processes differ widely between different process types and also vary with 
time in the same process depending on the composition of the influent (see 
Section 7 below). For the various types of wastewaters and sludges to be 
treated, the design procedures for the secondary settling tanks have tended-
to be of an ad hoc nature - for each type of sludge, design rules were set 
down that experience has shown will provide generally for adequate 
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functioning of the settling tank over the range sludge settling behaviour 
that was found could arise. These rules often do not directly incorpor-
ate the settling characteristics of the sludge - these are lumped together 
with the hydraulic characteristics, as illustrated by the design rules 
taken from the IWPC designers handbook.* (1) the overflow rate must 
not exceed 1 m3 /m 2 /h at Peak Wet Weather Flow (PWWF) (2) the retention 
time must not be less than 1,5 h at Peak Dry Weather Flow (PDWF) 
(3) maximum discharge per unit' length of effluent weir 8,3 m3 /h/m. 
These design rules implicity accept that the sludge settling character-
istics will not fall below a certain minimum quality, a quality unknown 
but in conformity with past experience of similar sludges. Where pro-
cesses are developed that generally tend to affect the settling charac-
teristics adversely these rules may result in inadequate designs 
resulting in failure of the settler and the process. 
Considerable research has been undertaken in unravelling the 
behaviour of secondary settling tanks and to develop a reliable design 
procedure that recognizes the settling characteristics of the sludge. 
However, the settling process is complex and the factors affecting 
settling so many that general procedures for design have not emerged. 
This is principally the case with activated sludge where constituents 
in the influent wastewater or conditions imposed on the process may radi-
cally change the settling characteristics of the sludge, and ad hoc 
rules specific only to certain categories of sludge have tended to 
be the usual method. 
Lack of understanding of settling behaviour in settling tanks, 
and of its interaction with the process in both design and operation 
has been the source of considerable difficulties in the operation of 
activated sludge processes in South Africa. The first indication of 
failure has nearly always been a loss of sludge over the effluent weirs 
of the settling tank. This loss of sludge does not necessarily imply 
that the settling tank is at fault; the conditions in the biological 
reactor may have caused a deterioration in the settling characteristics 
of the sludge. 
i< 
"Guide to the design of sewage purification works" prepared by the 
IWPC. 
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The design of the secondary settling tank based on the settling 
characteristics of the sludge and the interaction between the secondary 
settling tank and biological process are briefly discussed in this chapter. 
2. SECONDARY SETTLING TANK DESIGN 
The settling tank performance is not only governed by the over-
flow rate (clarification function) but also by the transmission of the 
applied solids to the bottom of the tank (thickening function). These 
two functions operate simultaneously but usually either one or the other 
will be critical during the daily cyclic operation of the settling tank. 
Conventional design procedures by specifying only an overflow rate in 
effect tend to provide mainly for the clarification function. In 
contrast although research has been devoted to thickening, design 
criteria for thickening have not been developed to a large degree. 
Earlier research into thickening has been mainly undertaken 
with non flocculant suspensions (e.g. Coe and Clevenger, 1916 and 
Kynch, 1952). These investigations have established the importance 
of the mass flux approach. Although activated sludge is a flocculant 
suspension, it has been shown that the mass-flux concept also can be 
applied to activated sludge (Dick, 1970 and 1972). Application of 
the mass flux concept to the settling tank design has been particularly 
assisted by the graphical method of Yoshioka et al (1957), which allows 
estimationi of the settling _tank area for the thickening function (see Section 
5 .1 below). 
The mass flux approach requires the measurement of the change 
in settling velocity of the sludge with change in sludge concentration 
as the sludge settles and thickens in the bottom of the settling tank. 
A method of assessing the settling behaviour of the sludge in the bottom 
of the tank is by means of the stirred batch settling test. 
3. STIRRED BATCH SETTLING TEST 
Mixed liquor from activated sludge plants usually show a strong 
flocculating tendency and even at low concentrations (lOOOmg MLSS/2) 
exhibit a zone settling mode. In the zone settling mode, the concen-
tration of sludge is such that the particles irrespective of size, all 
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tend to settle at the same rate throughout the zone depth. The rate 
of settling is controlled by the rate at which the water passes upward 
through the mass and this is inversely related to the concentration. 
Although the mass settles as an entity leaving a clear liquid-mixed 
liquor interface, the particles are supported by the water between the 
particles, i.e. upper particles are not mechanically supported by lower 
ones. 
Compression is observed at the bottom of the batch settling 
test. In the compression region each layer of particles provides 
mechanical support to the layers above it. Particle movement no longer 
is governed only by hydraulic frictional forces and the links between 
the particle. Forces transmitted by particle contact via the compres-
sible properties of the sludge and the interstitial pressure caused by 
the squeezing out of water from the compressing particles govern the 
settling behaviour in the compression stage. 
Consider a batch settling test tube filled with sludge of con-
centration such that zone settling commences immediately (see Fig. 8 .2). 
Initially the concentration is uniform throughout and region B occupies 
the total depth ( 8.2a). Immediately after settling commences, a solid-
liquid interface develops and a region of clarified liquid A is formed 
( 8.2b). In region B the particles still settle at uniform velocity 
under zone settling conditions, and throughout region B the concentra-
tion is constant. The interface settling velocity is a constant value 
and is a function of the concentration of region B, which is the same 
as the MLSS concentration at the start of the test. Similtaneously 
with the formation of region A, regions C and D are formed. Region D 
is one in which compression occurs and region C is the transition stage 
from zone settling to compression. Region C is still a zone settling 
region but the concentration increases down the zone. In a particular 
test, the transition zone depth generally is considered to remain con-
stant until the solid-liquid interface reaches it. 
A plot of the solid-liquid interface height versus time is 
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Fig 8 ~.2 Chronological progress of a stirred batch settling test. 












~ so------- '--~-~-~-..... 
80 100 l20· 0 20 40 
TIME (min} 
Fig 8:.3 Solid-liquid interface height versus time observed in 
batch settling tests at different initial solids concen-
trations. 
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(A~B) because the activated sludge requires some time to reflocculate 
from the disturbance of the sludge floes during the filling of the 
test cylinder. To minimize this effect, it is necessary to fill 
the test cylinder from the bottom as slow as practically possible so 
as to cause minimal disruption of the sludge floes. After a time a 
constant interface velocity 1s observed (B-C) until region B sinks 
into region C. Thereafter the interface velocity decreases as 
denser and denser concentrations appear at the interface due to the 
subsidence of the less dense layers into the denser ones, until the 
compression region D is reached. Thereafter subsidence continues but 
now the velocity is governed by the compression behaviour of the sludge. 
The interface velocity of the constant concentration zone 
settling region is given by the slope of line B-C 1n Fig. 8.3. This 
velocity is defined as the settling velocity (V ) of the sludge at s 
the concentration equal to that of the uniform concentration in the 
test cylinder at the start of the test (X). The settling velocity V 
s 
decreases as the sludge concentration increases (X) (Fig. S'..3). 
4. SOLIDS FLUX 
Solids flux 1s defined as the product of the ·Settling velocity 
V and the concentration of the sludge, 1.e. 
s 
G = V X 
s s 
G solids flux (kg/m2/d) 
s 
V = settling velocity (m/d) 
s 
( 3:. 1) 
X sludge concentration (kgMLSS/m3 ) 
By conducting a number of batch settling tests, the flux at different 
sludge concentrations can be determined. A typical flux curve for 
activated sludge is shown 1n Fig. 8 .4 in which solids flux (G ) 1s s· 
plotted versus sludge concentration (X). At low X, although V 1s s 
high the product G is low. At high X, V 1s low also giving a low G . s s s 
At some intermediate X (about 3 to 5 kg/m3 for activated sludge), 
G is a maximum. 
s 
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5. GRAPHICAL APPLICATION OF FLUX THEORY 
5.1 Graphical Procedure 
In continuous settling tank operation (shown schematically 
in Fig. 8 .. 5), the sludge entering the settler is transferred to the 
bottom by two flux components (1) the gravity flux (G ) and (2) the 
s 
flux caused by the downdraft flow generated by the sludge abstraction 
flow from the bottom of the settler, called the bulk flux. The 
gravity flux is given by Eq (8 .. 1). The bulk flux (Gb) is the 
product of the sludge concentration X and the underflow velocity (U ) 
u 
where the underflow velocity is the downdraft velocity caused by the 









U underflow velocity (m/d) 
u 
Q underflow rate (m3 /d) 
r 
A = surface area of settling tank (m2) 
( 8. 2) 
( 8. 3) 
For a fixed underflow rate, the bulk flux is proportional 
to the sludge con~entration. This is depicted graphically in Fig. 8 . 6. 
The total flux (Gt) to the bottom of the settler is the sum 
of the two flux components i.e. 
Gt Gs + Gb 
X (V + U ) 
s u ( 8 • 4) 
For a selected value of the underflbw velocity U (i.e. Q 
u r 
and A), the two flux components can be added graphically (see Fig. 8 .7). 
For the particular choice of U , the total flux G attains a minimum 
u t 
value G1 at a concentration x1 , and this minimum limits the rate at 
which slµdge can reach the bottom of the settling tank. Hence to 
ensure that all the sludge reaches the bottom, the sludge mass applied 
to the settling tank per unit surface area i.e. the applied flux (G ) 
ap 
must be equal or less than the limiting flux (G
1
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Fig s:.4 The gravity solids flux versus sludge concentration curve, 


























Fig 8 .5 Idealized schematic representation of the secondary settling 
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Fig 8 .6 The bulk flux curve versus sludge concentration for fixed 
underflow rate (Uu) i.e. downward sludge transport due to 
the underflow sludge withdrawal. 
Fig s?.? Total flux in settling tank versus sludge concentration 
i.e. downward sludge transport due to gravity sedimentation 
and underflow sludge withdrawal. 
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on the settling tank is given by the product of the sludge concentra-
tion in the reactor (X ) and the combined recycle and influent flow 
0 












X: (U + U ) 
0 0 u 
operating MLSS sludge concentration in 
biological reactor (kg/m3 ) 
overflow rate 
""Q./A (see Fig. 8_.5) 
i 




limiting flux (kg/m2/d) 
( 8 . 5) 
( 8 .. 6) 
( 8. 7) 
From a mass balance around the settling tank, if no sludge is 
lost over the effluent weirs, the mass of sludge applied is equal to 
the mass of sludge abstracted via the sludge underflow i.e. 
where 
X = MLSS concentration in underflow recycle (kg/m3 ) 
r 
For specified reactor MLSS concentration X and influent 
0 
flow Q. and selected underflow recycle Q , the area A is found by trial 
i r 
and error using the graphical construction shown in Fig. 8 .7. The 
correct value of A is that value which makes Eq (8 .5) an equality; 
values of A which make the LHS > RHS are too small which means settling 
tank failure in thick~ning will occur and values of A which make the 
LHS < RHS are too large which means the settling tank operates 
successfully but the area can be reduced. 
The value of A found by the above procedure is valid only 
for the specified X and Q. and selected Q . 
· o i r By repeating the 
procedure for different values of Q , different values of A will be 
r 
obtained. For the proposed plant, the maximum area for the antici-
pated range of Q is the required design area. 
r 
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The clar~fication criterion is satisfied if the overflow vel-
ocity (U ) is less or equal to the settling velocity of sludge at 
0 
the concentration at which it is discharged to the settling tank (X ) 
0 
i.e. 
U ~ V at X 
0 s 0 
( 8'.. 9) 
Clearly the above procedure is extremely tedious because for 
every choice of Q , different total flux curves need to be constructed. 
r 
The above graphical design procedure has been considerably 
streamlined by Yoshioka et al. (1957), (see also Dick and Young (1972), 
Pitman (1980) and White (1975) by introducing the concept of the state poin 
On the gravity flux plot (see Fig. s.8), the operating sludge concen-
tratioh (X ). is represented by a vertical line at the specified X 
0 0 
value. The overflow rate (U = Q./A) is represented by a line (called 
0 i 
the overflow line) from the origin with the slope equal to the overflow 
rate. The intersection point of the overflow line and the operating 
concentration line is called the state point. The underflow rate 









Qi= Influent fl"ow 
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Fig 8~.8 The gravity flux curve onto which is superirrrposed the 
settling tank behaviour; the state point defines the 
loading state of the tank and the underflow rate (Uu), 
overflow rate (U0 ) and operating solids concentration 
(X0 ) lines intersect at the state point. 
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(U = Q /A) is represented by a line (called the underflow line) with u r 
the slope equal to the underflow rate passing through the state 
point (see Fig. 8.8). The intersection of the underflow line with 
the horizontal axis gives the underflow concentration (X ) (as given 
r 
by Eq. 8:.8) and that with the veritcal axis gives the applied flux 
G (as given by Eq. 8.6). ap 
The state point defines the operating state of the settling 
tank and operating changes are reflected on the flux curve as 
follows: (i) a decrease in the underflow rate rotates the underflow 
line about the state point in an anticlockwise direction while the 
state point remains in position (see Fig. 8'..9a), (ii) an increase 
in overflow rate rotates the overflow line about the origin in an 
anticlockwise direction, moves the state point upwards along the 
operating sludge concentration line while the underflow line slope 
remains constant but continues to intersect the state point (Fig. 8 .9b), 
(iii) an increase in operating solids concentration moves the operating 
solids line to the right and because the slopes of the underflow and 
overflow lines remain unchanged, the state point moves along the 
overflow line while the underflow line continues to pass through the 
state point (Fig. 3.9c). 
The state of the settling tank, i.e. whether or not it is in an 
under- or overloaded state, and in the overloaded state, whether 
failure will occur in its thickening or clarification function, can 
be obtained from the state point on the gravity flux curve. 
to Fig. 81 .• 9a, b and c 
Referring 
1) When the state point is within the envelope of the flux curve, the 
clarification criterion is met and thickening governs the behaviour 
of the settling tank. When the underflow line 
i) cuts the flux curve at one point only (i.e. near A), safe 
operating conditions prevail; 
ii) cuts the flux curve at one point only _(i.e. near A) and is 
tangential to the flux curve (i.e. near B), critically loaded 
conditions prevail; 
iii) cuts the flux curve at 3 points (i.e. once near A and twice 
near B) overloaded conditions prevail. 
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2) When the state point is on the flux curve critical conditions 
with respect to clarification prevail. Under these conditions, 
thickening will also be critical if the underflow line is tangential 
to the flux curve on the state point; any underflow rate less than 
this will cause thickening failure. 
3) When the state point is outside the envelope of the flux curve, 
clarification failure conditions prevail (and thickening also 
because conditions l(i) and l(ii) above cannot be met. 
4) When the slope of the underflow line is too steep to make a tangent 
to the flux curve, but the state point is within the envelope of 
the flux curve, the thickening criterion no longer needs to be met 
and clarification only governs the design. 
The above conditions can be readily applied to design. For 
given Q. and X, select A which gives U (Eq. 8 .7) and with X, fixes 
1 0 0 0 
the state point. The area A must of course be selected such that 
the state point falls on or within the flux curve. On the state point, 
draw the underflow line such that it makes a tangent to .the flux curve. 
Fig. 8 .9a. Graphical representation of the settling tank operation 
conditions on the gravity flux curve showing decrease in 
underflow rate (Uu); (1) safe operating conditions, (2) 
critically loaded conditions and (3) overloaded conditions. 
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Fig 8 .gb. Graphical representation of the settling tank operation 
conditions on the gravity flux curve showing increase in 
overflow rate (U0 ); (1) safe operating conditions, (2) 
critically loaded conditions and (3) overloaded conditions. 
Fig 3:. 9c. Graphical representation of the settling tank behaviour 
on the gravity flux curve showing increase in operating 
solids concentration (X0 ); (1) safe operating conditions, 
(2) critically loaded conditions and (3) overloaded 
conditions. 
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From the slope of the underflow line and selected A, determine Q 
r 
(Eq. 8 .3). Notice that in this procedure Eqs.( 8.5 to -3'.9) are being 
solved graphically: the intercept of the underflow line with the 
vertical is the applied flux G and when the underflow line makes a ap 
tangent to the flux curve, the applied flux equals the limiting flux 
G1 (see Eq. 8 .5 and Fig 8 .8). 
Although the above procedure is still a trial and error one 
in that a repeated selection of A is made and the corresponding Qr 
for safe operation calculated, it is far simpler than the total flux 
curve method because each selected A can be analysed on the same flux 
curve, thus obviating the need for constructing different total flux 
curves (Fig. 8 . 7). Note that the two methods give identical results; 
the condition described by the horizontal line from G
1 
in Fig. 8 .7 is 
identical to that described by the underflow line tangential to the 
flux curve in Fig 8 .8. 
5.2 Concentration Profiles 
.The gravity flux curve can also be used to plot idealized 
sludge concentration profiles in the settling tank (see Alkema, 1971; 
Pitman, 1978; White, 1975; Vesilind, 1968 and Dick anft co-workers, 
1967, 1970, 1972). The concentration profiles in the settling tank 
represented by the safe, critical and overloaded conditions in Figs. 8 .9a, 
band care shown in Fig. 8 .10. The step changes in concentration 
shown in Fig. 8. 10 are idealizt!d; in practice the changes are more 
;'\ 
gradual . 
At critically loaded conditions, three concentration zones 
occur in the settling tank (Fig. 8 .lOa) (1) the underflow concentration 
zone in the bottom of concentration X where X is given by the intercept 
r r 
of the underflow line with the horizontal axis, (ii) the zone settling 
region where the concentration is equal to the limiting concentration 
x
1 
which causes the limiting flux, G1 , where x1 is given by the concen-
tration at the point of tangency of the underflow line on the flux 
";'\ 
It is the depth required to allow these changes in concentration to 
take place that governs the design of the depth of the settler. The 
flux theory per se gives only the area requirement for thickening; 
the depth must be estimated from experience obtained in practice (see 
Section 7 below) and to allow a certain accumulation of sludge in the 
settlers (see Section 5.3 below). 
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Fig 8 .10. Sludge concentration versus depth profiles in the settling tank for (i) 
critically loaded conditions (Fig 8.lOa), (ii) underloaded conditions 
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curve and (iii) a dilute zone settling region above the zone settling 
region of concentration Xdz where Xdz is given by the concentration 
of the intersection point of the underflow line with the flux curve 
to the left of the turning point (i.e. near point A on Figs 8 . 9 a, b 
and c. Under critically loaded conditions the fluxes of (i) the 
upper dilute zone, (ii) the zone settling region i.e. the limiting 
flux G
1 
and (iii) the underflow withdrawal flux are all equal to the 
applied flux G (Eq 8 .• 6) i.e. 
ap 
G x (U + u ) ( 8. 6) ap 0 0 u 
= xdz (V + u ) ( 8 . lOa) sxdz u 
Xl (V sxl + u ) ( 8 . lOb) u 
x u ( 8 . lOc) r u 
where 
V d and V 1 is the settling velocity of the sludge at SX Z SX 
concentrations xdz and xl. 
The zone settling region of li~iting sludge concentration is 
not stable: the layer will contract or expand depending on whether the 
conditions are slightly underloaded or ove.rloaded respectively. 
When conditions change from a critically loaded to an under-
. loaded condition (by reducing the overflow rate or operating sludge 
concentration or increasing the underflow rate, see Fig 8 . 9), the 
zone settling region will contract downwards until it sinks into the 
underflow concentration layer. The time taken for the layer to 
disappear depends on the rate of sludge withdrawal from the tank bottom 
by the underflow recycle. When steady state conditions again become 
established, only two concentration zones will be present, (see Fig 
8 . lOb) i.e. the underflow concentration zone X and the dilute zone 
r 
settling region; these concentrations can be found from Eqs s .. lOa 
and c respectively. When conditions change from a critically loaded 
to an overloaded condition (by increasing the overflow rate or 
operating sludge concentration or reducing the underflow rate, (see 
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Fig 3 .. 9), the limiting concentration zone settling region will 
expand upwards until it reaches the height of the feed point (see 
Fig 8 • lOc). The solids transfer to the bottom of the settler 
is limited by the limiting flux G1 and the difference between the 
applied flux G and G1 is the flux that causes the expansion of ap 
the zone settling layer i.e. sludge is being accumulated in the 
settling tank. The time taken for the zone settling layer to 
reach the feed point depends on the magnitude of the difference 
between G and G1 , the larger the difference the faster the upward ap 
movement. After the zone settling layer reaches the feed point a 
sludge layer above the feed point develops (see Fig 8. lOc). The 
concentration of this layer is different to the zone settling layer 
below the feed point because the direction of water flow above the 
feed point is upwards whereas below the feed point it is downwards 
(see Fig 8 .5). The concentration of the sludge layer above the 
feed Xaf can be found from the flux moving upwards, i.e. 
X f (U a o 
where 
- v ) 
sxaf G - G ap 1 ( 8 . 11) 
V = settling velocity of sludge at concentration Xaf" sxaf 
When this layer reaches the effluent overflow, sludge loss with the 
effluent will begin. 
effluent Xef given by 
The concentration that is lost with the 
X = (G - G1 )/U0 ef ap ( 8. 12) 
When sludge is lost from the settling tank via the effluent 
flow, the operating concentration decreases. The operating concen-
tration will continue to decrease until a new critically loaded 
steady state condition develops (iee Fig 8 .9c from overloaded to 
critically loaded conditions). The limiting flux G1, limiting sludge 
concentration x1 and underflow concentration Xr which define the 
sludge handling capacity of the settling tank are given by the verti-
cal axis intercept, tangent point and horizontal axis intercept of 
the new underflow line tangential to the flux curve and parallel 
to the existing overload underflow line. Note that this new 




but that a new state point will dev~lop at a lower operating con-
centration (see Fig 8 • 9c for overloaded to critically loaded 
conditions). 
The above discussion shows that some time elapses between 
the onset of overloaded conditions and the time of sludge loss with 
the underflow. The length of time that elapses as well as the 
concentration of sludge thai is lost depend on the severity of the 
overload (i.e. G - G1 ), the higher the overload, the shorter the ap 
time and the higher the concentration. 
It should be noted that with overloaded conditions, the 
concentrations of the sludge profile are not given by the state 
point condition on the flux diagram. This is because, for the 
overflow, underflow and sludge operating concentrations lines to 
intersect at the state point a mass balance between sludge applied 
and sludge withdrawal by the underflow must be obtained i.e. 
Eq ( 8 .8) does not apply because sludge will eventually be lost via 
the overflow. If the overloaded conditions are allowed to persist 
sludge will be lost from the system thereby reducing the process 
sludge operating concentration. Consequently, for new stable 
conditions to develop under a continuous overload, it can be seen 
that a considerable mass of sludge will be lost to effect the 
required decrease in oper~ting toncentration. 
5.3 Dynamic Conditions 
Under normal daily operation of the settling tank, the 
operation sludge concentration and underflow rate can be taken as 
remaining approximately constant. However the influent flow and 
hence the overflow changes cyclically over the day (see Fig 8 .9b). 
It may happen that under peak flow conditions, overloaded conditions 
develop, in which event the zone settling layer will begin to rise. 
The overload, depending on its i~verity, may persist for a few hours 
without any sludge loss, by which time the peak flow period may have 
passed and the zone settling layet again begins to drop. Con-
sequently, over the day, the sludge~ layer will move up and down and 
I 
and the settler may even experienceza temporary overload without 
sludge loss in the effluent (Tracy and Keinath, 1973). 
I 
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The principal factor that prevents sludge loss during a 
temporary overload is sludge storage, which, once the area has been 
designed appropriately according to the flux theory, is directly 
proportional to the depth of the settler. Generally the deeper 
the settler, the greater the temporary overload that can be sustained 
without sludge loss. Unfortunately, no guidance regarding the 
design of the depth can be derived from the flux theory per se and 
the depth is best based on practical e~perience. A depth of 3 to 
4 m appears to be adequate (see Section 7 below). Deep tanks 
also have the advantage that allowance is made for the various 
concentration zones such as the underflow concentration zone where 
sludge compression occurs. Under cyclic loading conditions the 
compression zone depth also varies in accordance with the load, being 
deeper at the peak flow period. Deep tanks are also less prone to 
disturbance of the settling zone sludge layers caused by hydraulic 
turbulence of the discharge and sludge withdrawal flows (see also 
Section 6.5 below). 
5.4 Discussion 
Clearly the graphical approach to the flux theory described 
above gives considerable insight into the design and operation of 
secondary settlers taking due consideration of the settling character-
istics of the sludge. However, despite convenient developments in 
the graphical approach, the procedure remains rather tedious as for 
each sludge concentration, the settling velocity versus sludge con-
centration curve needs to be consulted to estimate the settling 
velocity. Perhaps the biggest drawback is that the differences 
between the settling characteristics of different sludges can only 
be described graphically. 
6. ANALYTICAL APPLICATION OF FLUX THEORY 
6.1 Empirical Equation for Settling Velocity versus Sludge 
Concentration 
In order to overcome the difficulties associated with the 
graphical approach, research has been undertaken to find an 
empirical relationship between the settling velocity and sludge 
concentration. Such a relationship would allow direct analytical 
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solutions to the design equations. 
Many mathematical expressions linking the settling velocity 
and sludge concentration have been proposed but the 










-nx V e 
0 
settling velocity (m/d) 
X MLSS concentration (kg/m3 ) 
V ,n ·o 
constants describing settling characteristics 
of sludge. 
( 8 . 13) 
( 8 . 14) 
The first expression can be represented by a straight line 
on a log V versus logX plot (i.e. log - log), the second by a straight 
s . 
line on a log V versus natural X plot (i.e. semi-log). Considerable 
s 
research effort has been expended to establish the applicability of 
each expression to flux theory - Dick and Young, 1972 and Pitman, 1978 
using Eq( 8 .13) and Vesilind, 1968a, 1968b and White, 1975 using 
Eq ( 8'..14). A comprehensive comparison is presented by Smallen (1981), 
who concluded that Eq ( s.14) is superior to Eq ( 8 .13) because it 
(1) gives a theoretically consistent description of the observed 
gravity flux curve with defined turning and inflexion points and (2) 
gives a closer correlation with data measured on laboratory, pilot 
and full scale plants over a number of years (r 2 > 0,95). Consequently 
in this chapter, Eq ( 8 .14) is accepted for describing the interface 
zone settling velocity versus sludge concentration in the batch 
settling test. 
The settling characteristics V
0 
and n are readily obtained 
by linear least squares regression analysis of multiple batch test 
settling data over a range of sludge concentrations from 1,5 kg/m3 to 
15 kg/m3 on the expression (see Fig 8 .11) 
log V = V - nX/2,303 
s 0 
( 8. 15) 
Substituting Eq ( 8 .14) for V into Eq ( 8 .1) yields the 
s 
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( 8 . 16) 
Equation ( 8 .16) describes the gravity flux curve shown in 
Fig 8 .4. 
6.2 Mathematical Properties of Theoretical Flux Equation 
The slope of the flux curve is given by the derivative of 
Eq ( 3.16) i.e. 
dG /dX 
s 
-nx V e (1 - nX) 
0 
(fl.17) 
which, when set to zero, gives a turning point at X = +l/n and a 
maximum flux of V /ne. Differentiating Eq (s:.17) with respect to 
0 
X and substituting l/n for X shows that the turning point with co-
ordinates (X = l/n; G V /ne) is a maximum. Setting the second 
0 
derivative to zero shows that there is an inflexion point in the 
flux curve at co-ordinates (X 2/n; G = 2V /ne2 ). 
0 
From an inspection of the flux curve, no tangential under-
flow line can be constructed on the flux curve (see Section 5.1 above) 
with a slope greater than that of the flux curve at the inflexion 
point. The intercepts of the tangent at the inflexion point with the 
vertical and horizontal axes therefore give respectively the maximum 
limiting flux (G
1 
) minimum underflow concentration (X . ) for max rmin 
thickening to govern the design of the settling tank. The slope of 





4V /ne 2 
0 
4/n 
2/e.G max ( 8. 18) 
( 8 .19) 
where subscripts IP andTP refer respectively to the inflexion and 
turning points. 
The above features of the flux curve are shown in Fig 12.12. 
6.3 Application of Flux Equation to Settling Tanks 
Defining s as the underflow recycle ratio, i.e. 
s = Q /Q. 
r i 
( 8 • 20) 
the maximum overflow rate to satisfy the th~ckening criterion is 
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Fig 8 .12 Mathematical properties of the flux curve based on the 
settling velocity-sludge concentration equation 
V = V exp(-nX). 
s 0 
( 8. 21) 
where 
.X = (1 + s)X /s r o ( 8 . 22) 
The equation of the underflow line with a point of tangency to the 
flux curve 1s 
( 8 .23) 
and its slope 1s 
( 8 .24) 
At the point of tangency (see Fig 8 .8) X = x
1
, and both the 
fluxes and the slopes of the flux curve and the underflow tangent are 
equal i.e. Eq (3 .. 16) = Eq (8 .23) and Eq(B.17) = Eq( 8.24). From these 
equations taking xr as known, solving for xl and, ignoring the impracti-
cal solution, yields 
200 
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Fig g.11 Determina~ion of settling characteristics V
0 
and n 
from multiple batch test settling data. 
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x
1 
= (X /2){1 + /1 - 4/(nX )} 
r r 
( 8 . 25) 
Substituting Eq ( 8. 25) into Eq ( 8'. .16) gives the limiting 




(l + a) exp {-nX (1 + a)/2} 
1 - a) r 
/1 - 4/(nX) 
r 
. 
If,a < 0, there is no solution for G
1
. 
Xr = 4/n and hence G1 = 4V0 /ne
2 which corresponds 
respectivcJy as found above (see Fig s .. 11). No 
( 8 . 26a) 
( 8. 26b) 
Setting a = 0 yields 
to X 01:.~.: ··1max rm in 
solution for Gl 1.S 
possible for X < 4/n because the curvature of the flux curve is such 
r 
that no valid tangential underflow line can be constructed within the 
envelope of the flux curve. This result can be interpreted as the 
thickening criterion not being important in a design when X < 4/n, 
r 
leaving only the clarification \criterion to be met (see condition 4 in 
Section 5.1 above). 
Substituting Eq ( 8 . 22) for X into Eq ( 8'. • .26) and sub-
r 












a = ll-4s/{n(l+s)X } 
0 
( 8 • 2 7 a) 
( 8. 2 7b) 
Equation ( 3 .27) relates the overflow rate to the recycle 
ratio, s, for a selected value o~ the sludge concentration in the 
reactor and settling characteristics of the sludge to meet the 
thickening criterion. 
Eq ( 8 . 27), if a = 0 
Q. 
l. - = V / (e 2 s) A o 
If a= 0, X = 4s/(l+s)n. 
0 
Hence from 
( 8 . 28) 
Consequently, if Q./A is less than V /(e2 ~) then both the 
l. 0 
thickening and clarification criteria have to be met. If Q. I A 1.S 
l. 
greater than V /(e 2 s), then thickening apparently is not a governing 
' 0 
criterion and the clarification criterion only has to be met. This 
I 
I 
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Fig 8 .13 Design and operating chart for secondary 
settlings showing the different type of 
failure that can occur for different com-' 
binations of overflow rate and underflow 
recycle ratio. 
3 .28 
8 • 27 
criterion is met if the overflow rate is less than the settling 
velocity of the sludge at the feed concentration i.e. from Eq ( 8 .9) 
-nx ( ) Q. /A = V e o 8 • 29 r o 
6.4 Settling Tank Design and Operating Chart 
By plotting Q./A versus s from Eqs ( 8 .27 to 8!.29) for 
i 
different values of X , a steady state design and operating chart for 
0 
the settling tank is obtained (Fig 8 .. 13). The hyperbola on the 
diagram described by Eq ( 8.28) distinguishes between the domain in 
which both the thickening and clarification criteria have to be met 
(area between axes and hyperbola) and in which the clarification 
only has to be met (area above hyperbola). The thickening criterion 
is given by Eq ( 8 .27) which, for different X values, is a family of 
0 
curves from the Dyperbola to the origin. These curves show that as 
underflow recycle ratio s decreases the allowable overflow rate 
decreases. The clarification criterion is given by Eq ( 8 .29) and 
being independent of s, is a family of horizontal lines. In the 
region below the hyperbola, the thickening and clarification criteria 
have to be met simultaneously. In some instances in this region, the 
allowable overflow rate is higher for thickening than for clarifica-
tion so that clarification is the governing criterion for the settling 
tank. Consequently for a specified reactor concentration X , failure 
0 
of the settling tank is represented by overflow rate-underflow 
recycle ratio data pairs falling above the thickening and the clari-
fication lines. 
It should be noted that the design and operation chart is 
also valid for daily cyclic conditions. For successful operation 
of the settling tank, the conditions prescribed by the design and 
operation chart need to be met at any instant of the day. For 
example, for a fixed settling tank area (A) and underflow rate (Q ), 
r 
as the influent flow to the plant (Q.) increases, so the overflow 
i 
rate (Q./A) increases and the recycle ratio (s) decreases, which 
i 
moves the intersection point of the overflow rate and recycle ratio 
upwards to the left in Fig 3 .13. At each instant of the day, the 
overflow rate and recycle ratio intersection point must subscribe 
8 .29 
to the thickening and clarification criterion in the diagram i.e. 
must at all times be below the thickening and clarification lines. 
6.5 Design Example 
Assume that the MLSS concentration of the nutrient removal 
processes designed in Chapters 4, 5, 6 and 7 is 5 kg/m3. For the 
nutrient removal process, the settling characteristics are selected 
to be rather poor i.e. V = 137 m/d or 5,7 m/h and n = 0,37 ml/kg 
0 
giving V /n = 15,4 kg/m2 /h (see Table 12.1). The average dry 
0 
weather flow (ADWF) is 13,3 M£/d and assume that over the day the 
flow varies in a cyclic pattern with a minimum (MDWF) of 0,6.ADWF 
and a peak (PDWF) of 2,0 ADWF, and the peak wet weather flow (PWWF) 
is estimated to be 3,0.ADWF. 
For the settling characteristics of the sludge the design 
and operating chart is constructed as set out above (see Fig 8 .13). 
Assume that at PWWF, clarification must be achieved and that the 
thickening criterion will be met by adjusting the underflow recycle. 
The PWWF is 3.13,3 = 40 Ml/d. From Fig 8 .. 13 the maximum overflow 
rate at X = 5 kg/m3 is 21 m/d (given by horizontal clarification 
0 
criterion line). Hence the settling tank area is 40.103/21 = 1905 m2 • 
In order that thickening failure does not occur under PWWF conditions, 
the recycle ratio at PWWF must be greater than 0,82 (given by the s 
value of the intersection point of the clarification line and the 
hyperbola, see point D on Fig 8. 13). Hence at PWWF of 40 Ml/d the 
underflow Q should be 0,82.40 = 32,8 Ml/d or 2,46 times ADWF otherwise 
r , 
thickening failure will occur (i.e. for s < 0,82, the Q./A and s 
i 
intersection point will fall above the thickening criterion line in 
Fig 3!.13). 
Under dry weather conditions, the overflow rate at PDWF 
is 2,0.13,3.103/1905 = 14 m/d. In order that thickening failure does 
not take place at PDWF, the underflow recycle ratio s must be at least 
0,52 (given by the s value of the intersection point of the horizontal 
Q./A = 14 m/d line and the thickening criterion line for X = 5 kg/m3 
i 0 
see point A on Fig 8.13). Hence the underflow should be at least 0,52.26,6 
= 13,9 M£/d or approximately 1:1 based on ADWF. Accepting the settling tank 
area of 1905 m2 and fixing the recycle flow at -a .constant 14 M£/d, 
· s'..3o 
the overflow rate and recycle ratio at ADWFare- 7 m/d 
and 1,05:1, at MDWF are 4,2 m/d and 1,75:1 and at PWWF are 14 m/d and 0,5~ 
respectively. Hence in the design and operating chart, the locus of 
the points defining the operating conditions over the day _under cyclic 
influent flow moves between points of co-ordinates Q. I A= 14 m/ d and 
1 
s = 0,52 at PDWF (see point A in Fig 8 .13) and Q./A = 4,2 m/d and 
1 
s = 1,75 at MDWF (see point Bin Fig 8 .13) through Q./A = 7,0 m/d 
1 
and s = 1,05 at ADWF (see point C in ·Fig 3 .13). From the chart, all 
these points represent safe operating conditions with respect to 
thickening and clarification and hence under dry weather conditions, 
the settling tank should operate satisfactorily. Provision for wet 
weather flow was made up to a PWWF of 3.ADWF but the underflow recycle 
needs to be increased to 32,8 Ml/d to accommodate this. For lower 
PWWF, the underflow need not be increased so high. The required 
underflow can be determined from the design and operating chart. 
The above design ·is based on the accepted settling charac-
teristics V = 137 m/d and n = 0,37 m3 /kg and should the actual 
0 ' 
characteristics be better than these the settling tanks will still 
opetate satisfactorily. However, if the settling characteristics are 
poorer than the accepted ones, difficulty in operating the settling 
tank may be encountered. To a degree, a deterioration in settling 
characteristics can be accommodated under dry weather conditions by 
increasing the underflow recycle but this strategy depends on how 
poor the characteristics are below the accepted ones; however to 
increase the underflow recycle beyond the value where the thickening 
criterion no longer needs to be met will not improve the situation 
and will be wasted on pumping costs. Under peak wet weather 
, conditions, sludge will probably be lost depending on the duration 
of the peak wet weather flow. 
High peak wet weather flows can be accommodated by the 
settling tank by allowing them to bypass the main biological process 
and discharging them to the effluent from the last aerobic reactor. 
Although the overflow rate in the settling tank still increases, 
the applied flux to the settling tank does not increase due to the 
dilution of the mixed liquor concentration by the influent. The 
effect of this is to discharge to the settling tank a significantly 
8 .31 
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reduced operating sludge concentration. In contrast, if the storm 
flow is discharged to the head of the biological process, both the 
overflow rate and applied flux would increase and a large mass of 
sludge would be displaced from the biological process to the 
settling tank. The emergency strategy of bypassing storm flows 
is permissible because usually storm flows are very low in COD, TKN 
and P concentrations and a short contact period with the mixed liquor 
in the settling tank will significantl~ reduce the COD and TKN; 
however a higher P concentration may have to be accepted for the 
short duration of the storm flow. 
7. PRACTICAL ASPECTS OF FINAL CLARIFIER DESIGN 
The basic purposes of activated sludge final clarifiers are 
to produce a clear effluent free of suspended solids and a thickened 
sludge for recycle to the inlet of the process. However, in nutrient 
removal versions, two additional requirements are desired. The 
quality of the underflow sludge should be. such that a large mass of 
nitrate is not recycled to the anaerobic zone. Also, if the anaerobic 
conditioning of the activated sludge can be initiated in the bottom 
of the clarifier it will benefit phosphate removal. 
Full-scale experience on sloping bottom scraped clarifiers 
has shown that the solids in the sludge layer move in semi~plug flow 
and despite their endogenous nature, can denitrify quite well. For 
example, up to 5 mgN/£ nitrate can be lost on passing through this 
layer and if denitrification is complete, anaerobic conditions are 
initiated. The phosphate released under these anaerobic conditions 
will not cause problems as it is usually trapped in the sludge layer 
and moves out with the return sludge before diffusing into the 
effluent. 
If the sludge can be encouraged to thicken well in the 
clarifier, denitrification will be favoured even more. For example, 
if the sludge is thickened up to give a recycle concentration of 
20 000 mg/£ instead of 10 000 mg/£, half the mass of nitrate will 
be returned even if no denitrification occurred at all. However, 
at 20 000 mg/£ solids the ratio of biomass to nitrate is very large 
and despite the endogenous nature of the bacteria present, very good 
llf.32 
denitrification will occur in most cases using up all the available 
nitrate. Under this situation there will be no nitrate feedback to 
the anaerobic zone. Of course, the ability to thicken up to 
10 000 mg/£ solids will depend on the sludge properties and will 
usually only happen with low SVl sludges (i.e. less than 100 m£/g). 
In this respect operat?rs should be encouraged to ensure that such 
sludges are produced in this process. 
The denitrification and anaerobic conditions that can be . 
encouraged in final clarifiers can only be of benefit to the 
process and designers should bear this in mind in clarifier design. 
As mentioned earlier, good denitrification has been noticed 
on full-scale sloping bottom scraped clarifiers as well as in conical 
bottom (60° cone) settling tanks. However, these effects are less 
pronounced on flat-bottomed suction scraped clarifiers, as these are 
designed to lift settled sludge off the floor before it has the 
opportunity to denitrify. It has also been found that suction type 
clarifiers tend to return a relatively weak sludge and if attempts 
are made to thicken the sludge and so obtain better denitrification 
the sludge will refuse to pass up the withdrawal tubes due to its 
' 
increased viscosity. Also, the rotating suction arm tends to cause 
hydraulic instability in the tank at high recycle rates. 
Therefore with the view to encouraging denitrification in 
final clarifiers and the initiation of anaerobic conditions in the 
return sludge, these clarifiers should incorporate the following 
features: 
(i) they should preferably be circular and a sloping bottom with 
· mechanised scrapers to move sludge to a contral bottom with-
drawal point, 
(ii) mixed liquor·to be introduced near the surface at the centre 
with the inlet system being well baffled to destroy kinetic 
energy of the influent, 
(iii) the side water depth should be at least 4 m, 
(iv) the sludge withdrawal system should be designed to handle 
sludges with a higher viscosity than water. 
The clarifier surface area has a very important influence on performance. 
It is reconnnended that the solids flux theory (described in Sections 5 
and 6 above) be used to determine this. The Vesilind equation: 
8.33 
v = 
which describes the settling of activated sludge is an important 
aspect of this theory with the two factors V and n varying with 
0 
sludge settling properties. Experimentally derived values of 
these factors can show a large variation depending on the degree of 
filamentous growths in the sludge. 
Typical results obtained are shown in Table 8 .1 in order 
of deteriorating settling properties. 
Table 8-·.1 Settling characteristics observed at four different 









(m/h) (m3 /kg) ,'kg/ffi2"'/h) (m£/ g) 
NORTHERN WORKS MODULE 2 
mean value 7,90 0,29 27,24 100 
best result 9,49 0,28 35,89 65 
worst result 6,07 0,35 17,34 180 
NORTHERN WORKS MODULE 1 ' 
mean value 7,94 0,36 22,06 120 
best result 9,49 0,27 35,16 70 
worst result 7,02 0,40 17,55 170 
GOUDKOPPIES MODULE 2 
mean value 6,68 0,40 16,70 210 
best result 9,84 0,31 31,7 70 
worst result 3,84 0,37 10,4 300 
GOUDKOPPIES MODULE 1 
mean value 5,95 0,43 13,8 250 
best result 8, 96 0,41 21,9 130 
worst result 5,20 0,55 9,5 300 
It was found that the ratio V /n is a very good indicator 
0 
of settling properties which correlates with more wellknown para-
meters such as SVl. Thus, it can be seen in Table 8.1 that 
Plant D has a poor settling sludge; the sludge in Plant A settles 
fairly welL High values of this ratio (i.e; 30 kg/m2 /h) 
*To convert to units per day, multiply by 24. 
8 .34 
indicate good settling properties, while low values (i.e. 10 kg/m2 /h) 
are found with poor settling sludges. Designers must decide what 
types of sludges are likely to occur in their plant during its life-
time. If they are sure that poor settling sludges will never be 
encountered, a V /n ratio of 30 or above can be used but if poor 
0 
settling sludgs are encountered, values of less than 15 must be 
chosen. However, this decision must be taken carefully as a value 
of 15 will lead to a clarifier design"with twice the surface area 
than would be obtained using V /n = 30. 
0 .. 
It should also be noted 
that experience to date has shown that biological nutrient removal 
plants can be prone to the encouragement of filamentous growths 
which give rise to poor settling sludges so that a conservative 
approach to clarifier design might be prudent. 
Plant operation .can also have a dramatic effect on activated 
sludge settling properties and hence V /n values. 
0 
An important variable 
is the dissolved oxygen concentration in aerobic-zones. It has been 
found both in South Africa and overseas that plants run at low dissolved 
oxyg~n concentrations (below 1,0 mg/£ and in particular, below 0,5 mg/£) 
are prone to the growth of filamentous bacteria which are the cause of 
poor settling sludges. Designers should therefore bear in mind the 
quality of operation that will be available, in particular, skills for 
the control of dissolved oxygen input and process overloads. 
Another factor to be remembered is that the solids-flux theory 
covered in this chapter assumes an idealised settling tank which will 
not occur in practice and although it has been found that some full-scale 
clarifiers obey the flux model within 20%, designers should make use of 
safety factors either in the initial choice of V and or applied to 
o n 
the final clarifier area claculated from this model. 
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LIST OF SYMBOLS 






Subscript o denotes optimum. 
surface area of secondary settling tank 
endogenous mass loss rate for heterotrophic organisms 
at T°C )/d) 
b (1 029)(T-20) 
h20 ' 
endogenous respiration rate for nitrifying bacteria 
at T°C (/ d) 
b (1 029)(T-20) 
n20 ' 
the rate at 20°C = 0,24/d 
the rate at 20°C 0,04/d 
denitrification potential (mgN/£ influent) 
Subscripts 1 and 3 refer respectively to the primary 
and secondary anoxic reactors 
Subscripts dl and d2 refer respectively to the first 
and second anoxic reactor of a Modified UCT process 
denitrification potential of the process when the 
maximum anoxic sludge mass fraction is all in the 
form of a primary anoxic rea7tor 
unbiodegradable fraction of active mass = 0,20 mgVSS/mgVSS 
active fraction of the sludge mass with respect to the 
volatile and total solids concentrations respectively 
readily biodegradable COD fraction of the influent with 
respect to the biodegradable COD concentration 
COD to VSS·ratio of the volatile sludge mass= 1,48 
mgCOD/mgVSS 
MLVSS to MLSS concentration ratio of the mixed liquor 
nitrogen fraction of the MLVSS (rngN/mgVSS) = 
0, 10 mgN/mgVSS 
ammonia fraction of the influent TKN 
soluble unbiodegradable organic nitrogen fraction of 



















f 1 . x min 





TKN/COD concentration ratio of the influent 
= phosphorus fraction of the inert MLVSS and endogenous 
residue MLVSS = 0,015 mgP/mgVSS 
fraction of raw total COD removed by primary 
sedimentation 
unbiodegradable COD fractions in the influent 
(mgCOD/mgCOD). Additional subscripts p ands 
refer respectively to particulate and soluble 
fractions 
= general parameter for volume fractions 
general parameter for sludge mass fractions 
*Additional subscripts a, b, d, 1, 3 and m refer 
respectively to anaerobic, total aerobic, total 
anoxic, primary anoxic, secondary anoxic and maximum 
unaerated allowable 
Additional subscripts 5 and m following the d subscript 
refer respectively to the total and maximum allowable 
sludge mass fractions 
Subscript min following subscripts 1 and 3 refer to 
the minimum primary and secondary anoxic sludge mass 
fractions 
Subscripts 1 and 2 following the d subscript refers 
respectively to the first and second anoxic reactors 
of a Modified UCT process 
Food to Microorganism ratio 
General parameter denoting flux (kg/m3 /d) 
Subscripts ap, b, 1 and s refer respectively to 
applied flux, bulk flux, limiting flux and gravity 
settling flux 
general parameter for denitrification rate (mgN03/ 
mgVASS/d). Subscripts 1 and 2 refer respectively to 
the ist and 2nd rates in the primary anoxic and 3 to the 
rate' in the secondary anoxic. Additional subscripts 
T and 20 refer to T°C and 20°C respectively 
= conversion rate of biodegradable organic nitrogen to 
free and saline ammonia by active mass = 0,018£/mgVASS/d. 
Subscript T and 20 refer to rates at 5°C and 20°C 
half saturation coefficient in Monad equation for 
nitrification = 1 mgN/£. 
Subscripts T and 20 refer respectively to T~C and 20°C. 
Subscripts pH and 7,2 refer respectively to Ku at 


























= prefix denoting mass as opposed to concentration 
of a variable 
= general parameter denoting nitrogen concentration 
(mgN/.e) 
Subscripts a, n, o, t and u refer respectively to 
ammonia, nitrate, biodegradable organic nitrogen, 
total TKN and soluble unbiodegradable organic 
nitrogen concentrations. Additional subscripts 
e, i, r, s and a refer respectively to the concen-
trations in the effluent, influent, r-, s- and a-recycle 
flows 
= nitrification capacity (mgN/.e influent) 
unbiodegradable particulate organic nitrogen concentra-
tion in influent (mgN/.e) 
= nitrogen required for sludge production (mgN/.e 
influent) 
= 
nitrogen available for nitrification 
N .-N (mgN/.e influent) 
ti s 
general parameter for oxygen 
Subscripts c, n, d and t refer respectively to the 
oxygen demands for carbonaceous material degradation, 
nitrification,. that recovered by denitrification and 
total 
Subscripts a and s refer respectively to the dissolved 
oxygen concentrations in the influent a- and s-recycles 
= oxygen utilization rate (mgO/.e/hr) 
= excess P removal propensity factor (mgCOD/£) 
phosphorus in daily sludge wastage per £'influent flow 
(mgP/£) i.e. the phosphorus removal from the wastewater 
= total phosphorus concentration (mgP/£). 
Additional subscripts i and e refer respectively to 
influent and effluent 
= flow rate fpr waste sludge from the process reactor 
(£/d) 
= daily mean influent flow rate (£/d) 
mixed liquor recycle ratio from the anoxic to the 
anaerobic reactor in the UCT type processes 
= process total average nominal hydraulic retention 
time (d) 
general parameters for actual and nominal hydraulic 
ret~ntion times. Subscripts p and s refer to primary 


















= sludge age (d) 
minimum sludge age for nitrification 
underflow recycle ratio 
factor of safety with respect to nitrification 
factor of safety with respect to conversion 
UCT process to a Modified UCT process 
= general parameter denoting COD concentration 
Subscripts b, u and t refer respectively to 
biodegradable, unbiod~gradable and total 
of a 
'Additional subscripts i and e refer respectively 
to concentrations in the influent and effluent 
readily biodegradable COD concentration l.n the 
anaerobic reactor 
substrate concentration with respect to COD 
substrate concentration with respect to BOD 
substrate utilization rate 
Subscripts a, v and 5 refer respectively to the 
rate with respect to active, volatile .and total 
sludge concentrations 
Additional subscripts COD and BOD refer to the 
rate with respect to the substrate measurement 
in terms of COD or BOD 
time 
duration of first phase of denitrification in the 
primary anoxic reactor 
overflow and undeflow velocity in the secondary 
settling tank (m/d) 
volume of waste sludge abstracted from process 
reactor_ per day 
general parameter denoting volume 
Subscripts p and r refer respectively to the process 
total and reactor 
gravity settling velocity of sludge (m/d). 
Additional subscripts denote velocity at specified 
sludge concentrations 










Subscripts a, e, i, v, t and n refer respectively 
to active, endogenous,inert, volatile, total and 
nitrifier sludge concentrations 
Additional subscripts f and i, and a, d and b 
refer respectively to concentrations in effluent and 
influent and those in the anaerobic, anoxic and 
aerobic reactors 
process average total sludge concentration (mgTSS/£) 
= for settling tank theory denotes total MLSS sludge 
concentration (kgMLSS/m3 ) 
Subscripts af, dz, ef, 1, o and r refer resp~ctively 
to the sludge concentration of the layer above the 
feed point, the dilute zone below the feed point, 
the effluent, the limiting zone, in the biological 
reactor and the underflow sludge ieturn 
= heterotrophic organism yield coefficient = 0,45 mgVSS/ 
mg COD 
= nitrifier organism yield coefficient = 0,10 mgVSS/mgN 
denitrification attributable to the readily biode-
gradable COD (mgN0
3
-N/mg biodegradable influent COD) 
coefficient of excess phosphorus removal (mgP/mgVASS) 
i.e. the proportion of phosphorus in the active mass 
prefix denoting the change in the parameter following 
pH sensitivity parameter for nitrification in the 
simplified Arrhenius equation = 2,35 
specific growth rate of the nitrifiers (/d) 
Subscript m denotes the maximum rate 
Additional subscripts T and 20 refer respectively to 
the rate at T°C and 20°C 
Additional subscripts pH and 7,2 refer respectively 
to the rate at different pH values and at pH 7;2 
oxygen equivalent of nitrate i.e. 2,86 mg oxygen can 
accept as many electrons as 1 mgN0
3
-N nitrate 
mg mass of COD utilized per mgN03-N nitrate denitrified 
mg mass of oxygen required for nitrifying 1 mgN 





BRIEF DESCRIPTION OF THE DETER11INATION 
OF THE READILY BIODEGRADABLE COD FRACTION 
OF A MUNICIPAL WASTEWATER 
INTRODUCTION 
A2.l 
In the experimental investigation into the dynamic behaviour 
of the activated sludge process (Dold, Ekama and Marais, 1980), it was 
found that in the aerobic completely mixed process at short sludge ages 
(1,5 to 3 days) under daily cyclic square wave loading conditions (feed 
12 hours on, 12 hours off), there is a precipitous decrease in oxygen 
consumption rate immediately after the termination of the feed period 
(see Fig A2.l). In modelling the activated sludge process, it was 
found that this behaviour was due to the readily biodegradable COD in 
the influent; at feed termination, the addition of readily biode-
gradable COD stops so that the utilization of the readily biodegradable 
COD stops causing a step change in the oxygen consumption rate. Hence 
a method for determining the readily biodegradable COD in the influent 
is the measurement of the step change in oxygen consumption rate at feed 
termination in a daily cyclic square wave loaded completely mixed 
process operated at a very short sludge age. 
2. APPARATUS 
The test is performed using a single reactor completely mixed 
aerobic activated sludge unit operated at a sludge age of about 1,5 to 
3 days depending on the temperature; the higher the temperature the 
shorter the sludge age, the data shown in Fig A2.l are from a 2,5 day 
sludge age unit at 20°C. 
shown in Fig A2.2 below. 
A schematic representation of the process is 
The following points warrant notice regarding the setting up 
and operation of the process: 
(1) Aeration. The most convenient method of supplying aeration is to 
use an ordinary fish tank air pump with a fine bubble sparger 
stone attached to a perspex tube. By adjusting the depth of 
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Fig A2.1 Experimental (and theoretical) oxygen conswnption rate over 
a 26 hour period in a single completely mixed aerobic acti-
vated sludge process at 2,5 days sludge age and 20°C under 
daily cyclic square wave Loading conditions (12 hours on, 
2 to 14 hours and 12 hours off, 14 to 26 hours). Note 
precipitous decrease in the measured rate at feed termination 
(14h00) but that the oxygen conswnption rate for nitrification 
does not change (theoretical line). Experimental (and 
theoretical) data for the equivalent steady state process (i.e. 
receiving the same feed volwne of 24 hours) are also shown 
(from Dold, Ekama and Marais 1980). 
Fig A2.2 Schematic layout of process configuration. 
A2.3 
immersion of the sparger the D.O. level can be controlled to 
the desired value of about 2 mg02/£. 
(2) Inlet and outlet from aeration reactor. All streams to and 
from the reactor should enter the reactor below the liquid surface 
and not be dripped into the reactor; dripping feed into the 
reactor may result in incorrect readings by exposing the feed to 
air and allowing D.0. entrainment via the liquid/air interface. 
(3) Mixing. The contents of the feed tank should be stirred slowly 
and gently in order to keep particulate matter in suspension, but 
to avoid excessive D.O. entrainment into the reactor contents. 
Covering the reactor contents by floating on it a Sagex disc is a 
very effective method for stopping D.O. Entrainment into the. 
reactor caused by mixing. 
(4) Sludge Wastage. In order to maintain the correct sludge age, the 
correct volume of mixed liquor must be withdrawn daily from the 
reactor. Say the reactor volume is 10£ and the sludge age is 
to be 2,5 days, then 10/2,5 = 4,0£ of mixed liquor needs to be 
wasted daily. Becuase this volume constitutes a large proportion 
of the volume of the reactor, (this would be the case up to about 
10 days sludge age) the sludge is best wasted with the aid of a 
pump which is activated by a timer. The wastage arrangement should 
be such that about 0,3 to 0,5£ is abstracted over a few minutes and 
repeated every few hours. The high rate of abstraction is 
necessary to avoid settlement of the sludge from the abstraction 
tube back into the reactor; if this occurs the correct sludge 
age would not be established. In setting up the sludge wastage 
system, it is recommended that about 0,5£ less than the required 
volume is withdrawn so that the exact volume can be made up by 
hand. Also note that if sludge is abstracted when the influent 
feed is stopped, the reactor volume will be reduced. Consequently 
it is best not ~o waste sludge during the non-feed period. 
3. METHOD 
3.1 Unit Start-up 
From start up, operate the unit under constant flow and load 
A2.4 
conditions for at least 3 sludge ages allowing the unit to reach 
steady state - steady state is achieved when the daily oxygen 
consumption rate and reactor MLVSS concentration show approximately 
steady values. When steady state is achieved switch the unit over 
to daily cyclic square wave loading conditions by discharging the 
daily volume of feed over say 12 hours instead of 24. (Keep the 
feed volume and COD concentration constant; simply increase the 
flow rate). Operate the unit under square wave conditions for 
about 2 sludge ages. Note that now the oxygen consumption rate 
will vary over the day but the MLVSS concentration should not 
change significantly. 
3.2 Readily Biodegradable COD Measurement 
(1) At some time at least 6 hours after commencing the feed, measure 
the oxygen utilization rate (OUR) by raising the D.O. to about 
6 mgO/Q, switching off the air supply, and monitoring the rate 
of decrease of D.O. on a recorder. Measure the OUR every 20 
to 30 minutes for about 2 hours before the feed is terminated. 
(2) Switch off the feed to the reactor and again raise the D.O. to 
about 6 mgO/£. About 1 to 2 minutes after the feed has been 
stopped again measure the OUR. Measure the OUR every 20 to 30 
minutes for about 2 hours after the feed has been terminated. 
(3) Restart the feed and run plant for about 4 hours before repeating 
the measurement to allow the OUR to stabilize to the feeding 
condition again. 
(4) Plot OUR for each period of about 2 hours before and after the 
4. 
feed was terminated. 
the feed termination. 
CALCULATION 
Estimate the average OUR before and after 
The following information is required to calculate the 
concentration of readily biodegradable COD in the influent feed: 
Q feed flow rate (Q/d)over the 3 hour period before the feed is 
terminated 
V reactor volume (£) 
p 
A2.5 
OU~ = average OUR before feed termination (mgO/£/hr) 
OUR average OUR after feed termination (mgO/£/hr) 
a 
S . total influent COD concentration of feed 
ti 
60UR (OU~ - OURa) (mgO/£/hr) 
Then the influent readily biodegradable COD concentration 
Sb . (60UR.V 24)/(Q.0,334) si p 
where 
24 = number of hours per day 
0,334 = general conversion factor for COD to oxygen. This factor 
states that for every unit of COD utilized by the micro-
organisms, 0,334 units of COD are oxygen consumption and the 
remaining 0,666 units of COD are converted to new organism 
mass (see Chapter 1). 
The influent readily biodegradable COD fraction with respect to the 
total COD (f ) is given by 
ts 
f = Sb ./S . ts si ti 
and the influent readily biodegradable COD fraction with respect to 
the biodegradable COD (fbs) is given by 
Sb ./Sb. s i i 
- Sb ./S .(1-f -f ). si ti US up 
3.3 Example calculation 
The following data were obtained from an experimental unit 













~OUR 24,1 - 20,l = 4,0 mgO/£/hr 
Sb . = (4,0.7,5.24)/(50.0,334) si 
47,5 mgCOD/£ 
Sb /S . = 47,5/370 = 0,13 mgCOD/mgCOD s ti 
fbs = 47,5/[370(1-0,09-0,04)] 
= 0,15 mgCOD/mgCOD. 
4. NOTES· 
A2.6 
(1) Suggested loading: The COD load on the reactor should be such 
that the OUR (excluding nitrification which may or may not 
occur at the short sludge age depending on µnm) is greater than 
25 mgO/£/hr. This can be achieved if the feed rate, COD feed 
concentration and reactor volume are such that the load is 
greater than 2400 mgCOD/£ reactor/day. Thus, if the feed con-
centration is about 350 mgCOD/£ and a reactor volume of 10£ is 
used the feed flow rate Q prior to feed termination should be 
greater than 2400.10/350 = 68,5£/d. 
(2) Nitrification: The degree of nitrification which takes place 
in the unit does not affect the readily biodegradable COD 
determination (see Fig A2.l). This is because at the short 
sludge ages at which the determination is done, the oxygen 
utilization for nitrification is the same before and after 
feed termination due to the high ammonia concentration in the 
reactor and effluent. If the ammonia concentration in the 
reactor and effluent before and after feed termination is low 
(< 5 mgN/£), the change in the oxygen utilization rate for 
nitrification may lead ·to errors in the readily biodegradable 
COD determination. 
5. SUGGESTED READING 
1. An understanding of the paper "A General Model for the Activated 
Sludge Process" by Dold, Ekama and Marais (1980) (Frog.Wat.Tech., 
12, 47-77) is strongly recommended as background information. 
2. Further detail on the operation of the experimental units 
. J 
A2.7 
is given by Marais and Ekama (1976) "The Activated Sludge 
Process Part I - Steady State Behaviour". Water SA, l, 4, 
163-200. 
3. A detailed discussion on the method and possible errors that 
can be incurred in measuring the oxygen consumption rate is 
given by Ekama and Marais "Letter to the Editor", Water SA, 
2_, _!:., 57-60 . 
1. 
APPENDIX 3 
BRIEF DESCRIPTION OF THE DETERMINATION OF THE 
MAXIMUM SPECIFIC GROWTH RATE OF THE NITRIFIERS (µnm) 
INTRODUCTION 
The maximum specific growth rate constant of the nitrifiers 
(µ ) defines the maximum rate at which the nitrifying organisms can 
nm 
grow in the activated sludge process. Although µ is a kinetic 
nm 
"constant" in the nitrification theory, its magnitude can differ 
appreciably between different municipal wastewaters, and can vary even 
between batches of the same. wastewater. This behaviour is so marked 
that µ should be classified as a wastewater characteristic. nm 
The magnitudes of µ that have been observed in municipal 
nm 
wastewaters at 20°C range from 0,30 to 0,65 per day. The low values 
appear to be due to inhibition by some substance(s) in the wastewater. 
These substances are more likely to be present in wastewaters having 
* significant industrial contributions; in general, the greater the 
contribution, the lower the µ value. The reduction in µ is not nm nm 
the result of toxicity because a high efficiency of nitrification can 
be achieved provided the sludge age is sufficiently long - toxicity 
would tend to terminate nitrification irrespective of sludge age. 
The magnitude of µ has a significant effect on the minimum nm 
sludge age for nitrification R ; the lower µ , the longer R • sm nm sm 
Clearly, due to the link between the wasteflow composition and µ , an nm 
experimental estimate of the µ value is important 
. nm 
for efficient design 
A method for estimating µ 
nm 
of nitrifying plants. is set out below. 
•f< 
The type of industry referred to here are those which produce effluents 
which have high metal ion concentrations e.g. metal finishing industry, 
plating works, paint production, tannery wastes, etc. 
A.2 
2. METHOD AND APPARATUS 
2.1 General 
The test is performed in a single completely mixed reactor 
at about 6 to 10 days sludge age receiving a constant flow and load 
but with alternating cycles of anoxic and aerobic periods of 2 to 
3 hours each. The selection of the sludge age depends on two factors, 
(i) the temperature of the wastewater and (ii) whether or not the 
µnm value is expected to be high ( 0,5id at 20°e) or low (0,2/d at 20°e). 
The higher the temperature the shorter the sludge age, and the lower 
the expected µ value the longer the sludge age. nm 
The minimum sludge age for nitrification R at T0 e is given 
Sm 
by (see eh~pter 5, Section ~.4) 
R = Sf/{µ T (1-f ) - b T} sm nm t n 
where 
µnmT = maximum specific growth rate at T0 e 
(1 123) (T-20) 
µnm20 ' 
rate at 20°e 
endogenous respiration rate of the nitrif iers at T0 e 
0,04(1,029)(T-ZO) 




Sf = factor of safety to ensure complete nitrification, usually 
1,25. 
ft = fraction of the total time that the process is under 
anoxic conditions. 
With the aid of Eqs (A3.l to A3.3), the sludge age required 
for nitrification in the process can be estimated for an expected 
µnmZO value, and generally for µnmZO around 0,40/d will be found to 
be between 6 to 10 days at 20°e for a 2 hourly cycle of anoxic and 
aerobic periods (ft= 0,50). 
A.3 
The length of the anoxic and aerobic cycles is chosen such 
that the concentration of ammonia during the aerobic period does not 
decrease below 2 mgN/R. The reason for this is that if the ammonia 
concentration is greater than 2 mgN/£, the nitrification rate proceeds 
at the maximum possible and the production rate of nitrate can be 
directly linked to µ ; if the ammonia concentration is below 2 mgN/£, 
nm 
the nitrate production rate no longer can be directly linked to µ 
nm 
because now the limited supply of ammonia reduces the nitrification 
rate even though theµ value remains unchanged (see Fig 5.1 in 
nm 
Chapter 5). If it is found that the ammonia concentration reduces 
to below 2 mgN/£ in too short a time interval, the sludge age should 
be reduced. This has the effect of reducing the conc~ntration of 
nitrifying organisms, with the result that less ammonia can be 
nitrified per unit time. 
The experimental data.shown in Fig A3.l were measured at 
6 days sludge age and 20°C with an anoxic and aerobic cycle of 
2 hours each. The data are tabulated in Table A3'. l 
A schematic representation of the experimental process and 
some points regarding its operation are given in Appendix 2. 
2.2 Experimental Unit Start-Up 
From start-up, operate the unit under constant flow and 
load conditions at the selected sludge age under purely aerobic 
conditions for about 2 to 3 sludge ages by which time nitrification 
* should be taking place. If necessary operate for 1 or 2 sludge 
ages longer to ensure nitrification is complete and the nitrifiers 
are weli established in the process. Only when nitrification is 
*A simple qualitative test to check the presence of nitrate is the 
Merckoquant® paper test, or to leave a 100 m£ (or larger) measuring 
cylinder with mixed liquor standing overnight; if upon tapping the 
cylinder, bubbles are released from the sludge layer, or some 
sludge has risen to the surface, nitrification is taking place -
evidenced by the nitrogen bubbles released by denitrification of the 
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Fig A3.l Experimental (and theoretical) data of (a) the 
oxygen consumption rate, (b) reactor MLVSS con-
centration and filtered COD concentration and 
filtered reactor, (c) TKN, (d) arrononia, (e) 
nitrate and (f) Alkalinity concentrations versus 
time in a 2 hourly alternating anoxic and aeroh~c 
process under constant flow and load conditions 
at 20°C and 6 days sludge age. (from van Haandel 




Table A3.l Experimental data measured in a 2 hourly alternating 
anoxic-aerobic process at 6 days sludge age and 20°C. 
Process Parameters 
Reactor Volume = 6£ 
Influent flow = 20£/d 
Sludge age = 6 days 
Temperature = 20°C 
Recycle ratio = 1:1 
Day's average COD TKN 
Influent (unfilt.) 492 49,0 
Effluent (unfilt.) 62 7,1 
Effluent (filt.) 54 6,9 
TIME OCR vss COD TKN 
9h30t 68 - 66 4,6 
10h30 - 2822 - 9,2 
i< 
llh30 69 - 70 11,5 
llh45 67 - - -
12hl5 72 - - -
12h30 69 2773 - 7,7 
13h00 70 - - -
13h30t 70 - 59 5,6 
14h30 - 2832 - 8,8 
'/( 
15h30 72 - 67 8,6 
16h30 69 - - 6,3 
17h00 71 
. - - -
17h30t 70 - ' 67 6,3 
* 19h30 70 2692 69 11,3 
* start of aerobic period 





33,5 245 - 7,8 
3,5 114 7,1 7,5 





1,1 80 12,5 7,1 
4,0 115 6,4 7,2 
6,6 147 o,o 7,4 
- - - -
- - - -
2,8 102 8,2 7,2 
- - - -
o, 7 70 14,6 7,1 
4,0 118 5,5 7,2 
6,6 150 0,5 7,4 
2,5 109 7,5 -
- - - -
o, 7 75 15,5 -
6,6 153 0,5 -
A.6 
complete should the process be switched over to the alternating 
aerobic-anoxic phase, say two hours aerobic, two hours anoxic. 
Even for very low values ofµ ( 0,20 at 20°C), it is unlikely 
nm 
that nitrification will not take place at sludge ages around 10 days 
at 20°C with 50% anoxic times. Operate the process under alternating 
conditions for not less than one sludge age to allow the system to 
stabilize to the alternating conditions. 
During the stabilization period, measure on a daily basis 
the following -
i) influent COD and TKN concentration 
ii) reactor MLVSS concentration and pH 
"' iii) effluent TKN, ammonia, nitrate concentrations 
-Jc 
iv) effluent COD concentration. 
* Grab samples collected from the effluent bucket after a full 
24 hour period. 
When these data show approximate stability over a period of about 
one sludge age, the system can be considered to be stable and the 
analyses for the µ determination can be commenced. 
nm 
2.3 Analysis requirement for µnm measurement 
Once the process is operating satisfactorily, an intensive 
testing programme of about 14 to 16 hours is performed on it. The 
data measured during such programme are the following: 
a) grab samples from influent and effluent buckets over 24 hour 
period during which testing period occurs; 
i) unfiltered influent: COD, TKN, NH3 , Alk and pH 
ii) unfiltered effluent: COD, TKN, NH3 , Alk and pH 
iii) filtered effluent: COD, TKN, NH3 , Alk, N03 and pH. 
b) on grab samples from the reactor: 
A.7 
! 






ii) samp~es at 2 to 3 hourly intervals, MLVSS and filtered COD. 
c) on reactor every ! hour during aerobic periods: 
i) oxygen consumption rate. 
As an example of the data measured during an intensive 
testing progrannne, the data plotted in Fig A3.l are listed in 
Table A3.l. 
3. THEORY AND CALCULATION 
The l\i.m value is calculated from the increase in the nitrate 
concentration during the aerobic stages of the alternating cycle. 
From increase in the nitrate concentration the nitrification rate of 
the nitrifying organisms rN can be calculated, and provided the 
- n 
annnonia concentration does not decrease below about 2 mgN/£, this 
rate is directly linked to µnm i.e. 
(/d) (A3.4) 
where 
rNn = nitrification rate by the nitrifying organisms in mg N03-N/£ 
reactor volume/day 
Y = yield coefficient for the nitrifiers 
n 
= 0,10 mgVSS/mgN03-N nitrified 
X reactor nitrifier VSS concentration (mgVSS/£). 
n 
The nitrifier sludge concentration is calculated from the 
nitrate concentration generated per litre influent. Note that this 
concentration is not equal to the nitrate concentration in the 
effluent because during the anoxic periods nitrate is removed from 
the system by denitrification. An estimate of the nitrate generated 
per litre influent, N , is found from the following equation: ng . 
N ng 
where 
N . - N - N 
ti te s 
(mgN/£) 
N = nitrate generated per litre influent (mgN/£) ng 
N . = influent TKN concentration (mgN/£) ti 
N effluent TKN concentration (mgN/£) te 
A.8 
(A3.5) 
N nitrogen required for sludge production (mgN/£ influent) 
s 
v x 




f nitrogen content of the VSS 
n 
0,10 mgN/mgVSS 
V = volume of the reactor (£) 
p 
X average VSS concentration over testing period (mgVSS/£) 
v 
Q influent flow rate (£/d) 
R sludge age (d). s 
(A3.6) 
Knowing N , the concentration of nitrifier sludge mass in ng 




Y (N ) R 
n ng s 
(1 + b TR )R_ 
n s -11n 
(mgVSS/£) 




The increase in the nitrate concentration in the reactor 
during aerobic period rNr is the net effect of two reactions (i) the 
increase in nitrate by nitrifying organisms which is the rNn rate 
required for the µnm determination and (ii) the change in nitrate 
A. 9 
concentration in the reactor caused by nitrate leaving the system 
via the effluent, i.e. hydraulic effects, rNh' i.e. 
(A3. 8) 
Taking a time interval of 6t = t 2-t 1 during the aerobic period 
where t
1 
and t 2 are the beginning and end respectively of the time 
interval, and the nitrate concentrations in the reactor at times t
1 
and 
t 2 are Nnl and Nn2 mgN/R respectively, then the net rate of nitrate 




The rate at which nitrate leaves the reactor per litre 
reactor volume at a time instant is simply the product of effluent 
flow and the concentration of nitrate at the time instant divided by 
the reactor volume i.e. at time t 1 
Similarly at t 2 rNhZ = Nn2/Rhn" 
rNh1 = Q.Nn1/Vp = Nnl/Rhn· 
Now tlte rate of nitrate leaving 





approximated by the average rates at times t 1 and t 2 . Hence the 
average nitrate loss over the interval 6t due to hydraulic effects 
is given by 
(A3.10) 
The hydraulic effect causes the rate of nitrate generation 
to decrease so that this rate must be added to the rate df·nitrate 
generation measured from the nitrate concentrations in the reactor 
as given by Eq (A3.8). 
It should be noted that although only the nitrate concen-
trations during the aerobic cycles are used for the determination of 
µ , the other analyses are useful to check that the experiment has nm 
progressed satisfactorily. These data can be used to determine and/ 
or check constants other than 11 • ,..nm' the nitrate concentrations during 
the anoxic cycles can be used to determine the 2nd rate of denitrifica-
tion in the primary anoxic reactor (K2), but this determination 
A.10 
requires a knowledge of the readily biodegradable COD concentration 
of the influent (fbs). Also the Alkalinity values during the 
aerobic and anoxic periods cart be used to check the µ and K
2 nm 
determinations. For details see van Haandel and Marais (1981). 
When all the data is measured, the constants can be 
determined and/or checked with the aid of computer simulation (see 
Fig A3. l). However, computer simulation is not essential because 
generally it has been found that when.the manually calculated 
values of µ (and K2) are used in the simulation, very good nm 
correspondence with the experimental data is obtained. 
4. EXM1PLC 
To demonstrate the calculations, the µ value will be 
run 
calculated from the data listed in Table A3.l. 
The nitrate concentrations measured at hourly intervals 
during the aerobic periods are listed in Table A3.2. From these 
data, the reactor nitrate generation rate rNr and the rate of nitrate 
loss by hydraulic effects rNh are calculated from Eqs (A3.9 and A3.10) 
respectively. The sum of the two rates gives the rate of nitrate 
generation by the nitrifiers rNn i.e. Eq (A3.8). From the 4 periods of 
one hour, a mean value of rNn is 8,45 mgN03-N/litre reactor volume/hour 
is found. 
The average MLVSS concentration during the experiment is 
2780 mgVSS/£. From this, the nitrogen required for sludge 




0 10 6.2780 
' 20.6 
13,9 mgN/£ influent flow. 
The average effluent TKN concentration (unfiltered) is 7,1 mgN/£. 
Hence from Eq (A3.5), the nitrate generated per litre influent, Nng' is 
N ng 49,0 - 7,1 - 13,9 28,0 mgN/£. 
At 6 days sludge age and measured temperature 20°C, the 
A.11 
Table A3.2 Calculation of nitrification. rates from nitrate concen-
traiion profiles during the aerobic period of an 
alternating anoxic-aerobic completely mixed process 
under constant flow and load. 
* *t * Time N03 rNr rNh rNn 
llh30 o,o 
tS,2 . t0,57 ts, n 
12h30 8,2 
t6,4 H,58 t7,98 
13h30 14,6 
15h30 0,5 
t7,0 t0,56 t7,56 
16h30 7,5 




units mgN03-N/£ reactor volume/h. 
t nominal hydraulic retention time = 6/20 0,30d - 7,2h. 
A.12 




(1 + 0,04.6) 6/20 
= 45,2 mgVSS/£ 
Hence from Eq (A3.4), the maximum specific growth rate of the 
nitrifiers µ at 20°C is nm 
µnm (8,45.24).0,10/45,2 
0,45 /d. at 20°C 
Hence µnm20 = 0,45/d. 
If in this example, the temperature was not 20°C, the endogenous 
respiration rate in Eq (A3.7) for Xn needs to be adjusted 
with Eq (A3.3) for the given temperature. The value of µ found nm 
ftom Eq (A3.4) is rate at the given temperature and to calculate 
µnm
20
, this value needs to be adjusted to 20°C with Eq (A3.2). 
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